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ABSTRACT
Photovoltaic (PV) systems are becoming more prevalent as countries around
the world focus on integrating renewable energy resources into their power
grids. Also, there is a need for power grids to become more intelligent and
adaptive. As a result, PV systems require additional functionality, such as
the ability to monitor their operation for problems or faults and intelligently
adapt the system as needed. This work focuses on adding detection and
protection to PV systems for a temporary fault called hot spotting that oc-
curs in series-connected PV cells. The present-day solution to mitigate hot
spotting is the use of bypass diodes over subpanel PV strings. Simulation
and experimental results show that bypass diodes are inadequate to prevent
hot spotting, which leads to damage that permanently degrades the PV cell
performance.
Hot spotting can be detected by monitoring the ac small-signal characteris-
tics of a PV string at various frequencies to measure the parallel capacitance
and resistance of the string. When hot spotting occurs within a sting, both
capacitance and resistance values increase by a measurable amount. An al-
gorithm that dynamically measures the PV string impedance during normal
operation is pursued as a low-cost hot spot detection approach. This hot spot
detection algorithm can be integrated into a dc-dc converter that controls the
PV string. For hot spot prevention, there are a few potential approaches to
mitigate hot spot damage, but open-circuit protection is the only one that
completely stops hot spotting. A protection device is developed that replaces
the bypass diodes to provide both bypass and hot spot prevention capability.
This hot spot prevention device was validated in experimental tests to stop
the hot spotting within one minute after open-circuit protection is activated.
Eventually, a combined solution of impedance-measurement-based hot spot
detection coupled with open-circuit protection can be integrated into PV
systems to eradicate hot spot damage and increase lifetime power output.
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CHAPTER 1
INTRODUCTION
Photovoltaic (PV) or solar cell systems were initially fabricated for use in the
1950s and were used primarily to power satellites in space from solar power.
In the 1970s, PV systems began to be used for terrestrial applications to
provide power for remote and grid-connected applications [1, 2]. Today, the
use of grid-connected PV systems is becoming increasingly popular, particu-
larly as the US and countries around the world push for higher utilization of
renewable energy sources. However, the grid can become more unpredictable
as the penetration of variable power sources, like solar, increases. In order to
overcome potential instability issues [3], recent research has begun to focus
on making the grid a more intelligent system, where power sources and loads
can communicate and adaptively react to needs of the surrounding system
[4]. One important aspect of enabling a more intelligent grid is the ability
for renewable energy sources to monitor their own condition so that they can
provide diagnostic information to the rest of the grid.
Present-day PV systems are controlled to operate at the maximum power
point (MPP) of the PV element in order to maximize the power produced.
The system operates in this mode unless a fault is detected. The protec-
tion mode is typically to shut down the system completely until the fault
is cleared. Conditions such as PV power dropping too low or inability to
synchronize with the ac grid will cause the entire system to shut down. Arc-
faults are another serious fault that occurs in PV systems. In response, the
US national electric code added article 690.11, which requires arc-fault de-
tection for PV systems [5]. Various arc-fault detection methods are being
developed [6, 7, 8] to address this problem. Present-day systems have lim-
ited fault detection capabilities; they are able to detect some catastrophic
failures but not conduct health diagnostics and monitoring. The ability to
provide health diagnostics and more sophisticated fault detection is needed
to prepare PV systems for integration into a more intelligent grid system.
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Once a fault is detected, an intelligent PV system should react appro-
priately to prevent damage. There are passive protection methods, such as
bypass diodes, and also active protection, such as arc fault detection and
islanding detection. Currently, the default active protection method is to
simply shut down the entire system, rather than isolate the problem. There
are also problems with false positive detections that can shut down the sys-
tem unnecessarily. A better solution is to identify the fault area, protect
against it locally, and allow the rest of the system to continue functioning.
The decision process for protection may come from the PV system itself or
through a global grid controller. Regardless, the ability for PV systems to
dynamically protect parts of the subsystem against faults is beneficial to the
entire system.
The work detailed in this dissertation focuses on adding detection and
protection capability to PV systems for a temporary fault condition called hot
spotting. However, a precise hot spot definition is not well established in the
PV industry. The terms hot spotting and hot spot will be used throughout
the dissertation. Let hot spotting be defined as temperature increase above
the temperature of its surroundings due to power dissipation in a reverse-
biased PV cell; this can occur in the entire cell or a portion of the cell.
A hot spot refers to the portion of the cell with a higher temperature due
to hot spotting. Hot spotting is a result of PV characteristic mismatch in
a series string. It is often caused by partial shading of the PV string but
can also be caused by cell degradation. An infrared image of hot spotting
in a full cell is shown in Fig. 1.1(a) where the PV string is under uniform
illumination. Fig. 1.1(b) shows hot spotting in a portion of the cell where
the cell is partially shaded. Hot spotting can lead to very high internal
temperatures. These high temperatures have the potential to permanently
damage and degrade PV cells, which decreases PV system power production.
In some cases, hot spots can even lead to fires [9], also making it a safety
issue.
In early satellite systems, hot spotting was identified as a condition that
could damage the PV cells and needed to be prevented [10]. The prevention
method that was implemented used a passive component called a bypass
diode. A diode was placed in parallel with the PV string in order to provide
an alternate current path around a hot spotting PV string. Bypass diodes
connected across PV panel substrings are shown in Figure 1.2. This method
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(a) cell hot spot
(b) cell portion hot spot
Figure 1.1: Infrared image of hot spotting in a full cell (a) and portion of
the cell (b).
is still the main prevention method for hot spotting today. Although it miti-
gates the problem (i.e., it limits the amount of power that can be dissipated
through the PV cell), it does not prevent hot spot formation. Field studies
have shown that hot spots are a major cause of panel performance degrada-
tion [11, 12, 13]. Once a cell is degraded from hot spotting, it often becomes
a weak point in the string that causes performance reduction of the entire PV
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panel. Hot spots also occur more easily in a degraded cell, which exacerbates
the hot spot and degradation problem. Thus, the ability to prevent hot spots
is beneficial for reducing degradation over the PV system’s lifetime.
Figure 1.2: PV cells connected in series with bypass diodes over subpanel
strings.
The question then becomes: “Is there a better method of hot spot pre-
vention than the existing bypass diode? If so, what is it and how does it
work?” The purpose of this dissertation is to address and answer these ques-
tions in detail. Chapter 2 explains hot spotting as observed in field studies,
through semiconductor heating theory, and based on experimental findings.
Hot spot formation is examined in detail to understand what occurs at the
individual cell level during hot spotting. With this detailed understanding,
Chapter 3 outlines a cell-level simulation of PV sub-module strings and ex-
plains why bypass diodes and other hot spot prevention methods are not
always effective. Chapter 4 describes a detailed PV model that incorporates
both dynamic and reverse-bias characteristics, which is used to simulate hot
spotting.
Once hot spotting is fully explained, hot spot detection is discussed in
Chapter 5. A detection method is described that uses the small-signal ac
4
characteristics of a PV string to detect hot spotting conditions. The power
electronics and hardware required to implement this detection method are
also outlined. Once hot spotting is detected, a protection mode should be
initiated to prevent further hot spotting and damage. Hot spot prevention
methods are discussed in Chapter 6. A number of hot spot prevention meth-
ods are presented and trade-offs of each are discussed. The most promising
method is an open-circuit PV string protection method. Its implementation
and operation will be presented in detail. Finally, the conclusions and closing
remarks of this dissertation are summarized in Chapter 7.
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CHAPTER 2
HOT SPOTTING IN PV STRINGS
Hot spots are a well-known problem in PV strings that lead to individual cells
or portions of a cell to become reverse-biased and dissipate heat [14]. This
problem is worse for longer strings and can lead to high cell temperatures
that accelerate cell degradation [10]. A phenomenon called second breakdown
can occur that localizes reverse current flow in a small portion of the cell and
can lead to extreme cell temperatures and damage. Although hot spotting is
generally understood as a problem that can occur in PV panels, an in-depth
analysis at the individual cell level is lacking in previous literature. This
chapter covers work that has been published in [15], which examines how
hot spots form within a typical panel and how a cell heats up as it becomes
reversed-biased a various power levels.
2.1 Hot Spotting Conditions
Hot spotting occurs when a cell’s (or number of cells’) current-voltage (I-
V) characteristics are mismatched compared to the other cells in a series-
connected string. To understand how hot spotting occurs, the I-V curve and
operating point of each cell must be examined. Consider the individual I-V
curves of a PV string as shown in Fig. 2.1(a). All three perfectly-matched
cells are illuminated at the same irradiance level and their I-V curves are
identical. There is one current, IString, flowing through the string and each
cell is able to operate at its MPP to optimize output power. However, if PV3
becomes mismatched due to degradation or shading, its I-V characteristics
will shift down on the y-axis, as shown in Fig. 2.1(b). PV3’s MPP current
decreases and the string current can no longer intersect the MPP for all
three PV cells. Instead, a maximum power point tracking (MPPT) algorithm
controlling Istring determines the current that optimizes the total power of the
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full string. In some cases, the Istring value may be greater than PV3’s short-
circuit current, which means that the cell becomes reverse biased. Because
voltage is negative but current is flowing in the same direction, the shaded
cell acts as a load and sinks rather than sources power. The cell sinking
power dissipates heat and increases the cell temperature, forming a hot spot
[16, 17].
(a) unshaded
(b) partially shaded
Figure 2.1: Electrical characteristics for PV cells in a string with identical
characteristics (a) and one cell degraded (b).
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2.1.1 Reverse Breakdown Mechanisms in PV Cells
When a PV cell is reverse biased past a certain voltage, the cell begins to
break down, allowing more current to flow. The two main breakdown mech-
anisms in a p-n junction are zener and avalanche breakdown, which are both
affected by temperature [14]. If the p-n junction is completely uniform across
the cell, current flows through the entire cell such that heat is dissipated
evenly. However, this is not always the case. As cell temperature increases,
a phenomenon can occur called second breakdown or thermal breakdown
[18]. Second breakdown in a p-n junction is observed when the reverse volt-
age magnitude decreases rather than increases as current is increased. This
phenomenon is called snapback and is illustrated in Fig. 2.2.
I
V
T increase
snapback
Figure 2.2: I-V curve of a PV cell going into second breakdown and
exhibiting snapback.
The current is driven into 1D channels, which can result in high internal
temperatures, well above 400◦C [18]. The second breakdown current flow can
concentrate around a dislocation or impurity in the cell [19]. Literature also
refers to these localized breakdown regions as microplasmas [20, 14]. Second
breakdown was the cause of numerous failures in early bipolar transistors and
has been well studied in transistors [21]. Because the current is concentrated
to a small area, the internal heating causes the temperature in that local-
8
ized region to increase significantly. In some cases, a shunt path in the cell
structure may form and weaken cell performance [22]. High temperatures
can degrade the material at these breakdown regions such that they become
a permanent weak spot in the cell.
2.1.2 Hot Spot Effects
High temperatures created by hot spots can lead to accelerated cell degra-
dation, which further exacerbates the mismatch problem and makes the cell
more susceptible to hot spotting [23]. A 20-year field study in [11] identi-
fied hot spotting as a significant source of degradation over the PV system
lifetime. Another 20-year study in [13] showed that hot spotting cells were 10-
20◦C higher than their neighboring cells under uniform illumination. Within
a PV panel, bypass diodes are typically placed over three or four 12- to 36-
cell strings that make up the panel, but they are not adequate to completely
eliminate hot spotting. Findings from [24] show that in a string of 24 crys-
talline Si cells, partial shading can result in cell temperatures upwards of
130◦C, and higher for longer strings.
2.1.3 Hot Spot Precautions
Degradation caused by hot spotting is a significant enough problem in PV
panels that manufacturers take numerous precautions, including binning, cell
screening, and bypass diodes. After PV cells are manufactured, individual
cells are tested for their power output and binned with cells of similar power
output. A panel is constructed from cells within the same bin to reduce
mismatch between cells strung in series. However, variation between cells in-
creases naturally over time [25], which causes considerable mismatch between
cells as the system ages and, thus, a higher likelihood of hot spotting. Many
manufacturers also screen each cell for low shunt resistance, which has been
linked to hot spot susceptibility [26, 27]. Bypass diodes are placed across
PV strings to short-circuit and bypass the string before it becomes reversed
biased. This limits the degree to which a single cell can be reverse-biased,
but hot spots can still occur in a bypassed string [28, 29]. While these pre-
ventative measures help mitigate hot spot formation, they do not completely
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eradicate them. Hot spotting continues to be a problem that merits further
investigation into the conditions that lead to degradation.
2.2 Hot Spot Degradation Study
To further investigate hot spot degradation, an experimental study was con-
ducted to examine the level of power dissipation that degrades PV cells.
This study experimentally tested mono-crystalline (m-c) silicon (Si) cells as
they were reverse biased at various power levels. Heating effects on the I-V
characteristics during hot spotting and permanent changes after seven days
of hour-long hot spot tests were observed and analyzed. The results were
originally presented in [15] and indicate a link between second breakdown in
cells and accelerated degradation.
2.2.1 Hot Spot Damage Threshold
The goal of the study was to investigate which hot spotting conditions perma-
nently damage the cell and accelerate degradation. PV panels are typically
rated up to 85◦C, but hot spotting can push the cell temperature to levels
far above the rated temperature. If cell surface temperatures surpass 150◦C,
the encapsulant and isolative material surrounding the cells may be damaged
[22, 19, 30, 31, 32]. Once the encapsulant is damaged, cells are exposed to
environmental elements that can cause corrosion. Corrosion is one damage
mechanism, but its severity is highly dependent on location and climate. For
example, panels mounted in hot and humid climates or coastal climates are
more susceptible to corrosion due to harsh environmental exposure [33]. Hot
spot damage may also come from a change in the material itself. Literature
indicates that the internal cell temperature must reach a significantly higher
temperature than 150◦C for a fundamental material breakdown to occur that
causes degradation [34].
This research explores the hot spot conditions that permanently degrade
the I-V characteristics due to a material change rather than corrosion or other
secondary effects. Through experimental testing, m-c Si cells are reverse-
biased in multiples of their rated MPP. Effects on the power output and
I-V characteristics during hot spotting are observed, along with permanent
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changes to the I-V curves. Experiment results are analyzed to better under-
stand the threshold where second breakdown occurs and how hot spotting
with and without second breakdown affects PV cell performance. Addition-
ally, the goal is to identify a safe operating range of a PV cell in reverse bias
such that accelerated degradation does not occur.
2.2.2 Equipment and Setup
An experimental endurance test was conducted on a batch of m-c PV cells
to examine the changes in the I-V characteristics after maintaining a reverse-
biased power level for one hour each day over seven days. This test emu-
lates a daily reoccurring partial shading that might be due to shading from
nearby stationary objects, like buildings, trees, or rooftop structures. Al-
though seven days is not a long-term study, this short-term study still indi-
cates that hot spotting does have clear effects on the PV cells. In particular,
these experiments examine conditions under which second breakdown occurs,
I-V curves changes during hot spotting, and permanent changes in reverse
characteristics after hot spotting.
The experiment used loose m-c Si PV cells that are 6 in. by 6 in.—a stan-
dard size for commercial PV modules. Datasheet parameters are summarized
in Table 2.1. Experiments were conducted on unilluminated cells to emulate
heavily shading. For equipment, the Keithley 2420 SourceMeter was used
as the programmable power supply to sink power into the cell. The power
supply was controlled from a Python script that sent commands via GPIB.
A type-K thermocouple was attached to the back center of the cell to read
surface temperature. A microcontroller device was used to read the tem-
perature and send the reading via serial communication to be recorded by
the Python script. Tests were conducted in a laboratory with an ambient
temperature of approximately 23◦C. The FLIR T420 was used to capture
infrared images.
The endurance test examined 12 m-c PV cells in total. Sets of three cells
were reverse biased to a certain power dissipation level. The reverse power
level was equal to one times the normal forward MPP (1xMPP), two times
MPP (2xMPP), three times MPP (3xMPP), and four times MPP (4xMPP);
the nominal MPP was 3.5 W. The power level was maintained for one hour
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Table 2.1: Datasheet Parameters for M-C Si Cells
parameter m-c cell unit
Efficiency 15.2–15.75 %
PMPP 3.5–3.65 W
Iscn 7.49–7.73 A
Vocn 0.623–0.625 V
Impp 6.89–7.16 A
Vmpp 0.510–0.521 V
and an I-V sweep was run every 20 minutes. A Python script read the power
level and, if the operating point was not at the desired power level, adjusted
the operating point to the desired power level; this occurred every 20 seconds.
The power supply limit was set to 1.4 A; thus, if the current limit was hit,
the desired power level was not achieved.
2.2.3 Second Breakdown Threshold
Among the four test power levels for the m-c cells, second breakdown occurred
in two of three cells tested at 3xMPP and two of three tested at 4xMPP. Table
2.2 summarizes the power level, corresponding voltage and current that each
cell was tested at, along with the shunt resistance. The * symbol indicates
that second breakdown occurred in the cell, which means the desired power
level could not be attained because the current limit of 1.4 A was reached.
The tested cells were measured before the endurance test, showing reverse
breakdown voltages in excess of 20 V and shunt resistances above 80 Ω, except
for one at 30 Ω. For the cells where second breakdown occurred, voltage
increased (became less negative) and the set current limit was reached. Even
though the target power levels (-10.5 W for 3xMPP and -14.0 W for 4xMPP)
were not reached, very high temperatures were observed in the localized
breakdown regions.
Fig. 2.3 shows infrared images for cells during the endurance test that did
and did not exhibit second breakdown. Power flow and internal heating is
distributed throughout 4xMPP Cell C, which did not go into second break-
down, as shown in Fig. 2.3(a); temperature is slightly higher along some
edges but the temperature generally stays evenly distributed and well below
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Table 2.2: Endurance Test Results for Each Cell
1xMPP 2xMPP 3xMPP 4xMPP
Power through Cell [W]
A -3.50 -6.99 -7.59* -6.44*
B -3.50 -6.98 -7.32* -7.39*
C -3.50 -6.99 -10.49 -14.00
Cell Voltage [V]
A -16.92 -24.13 -5.42* -4.67*
B -21.84 -29.85 -5.23* -6.03*
C -16.57 -23.31 -11.24 -31.83
Cell Current [A]
A 0.21 0.29 1.40* 1.40*
B 0.16 0.23 1.40* 1.40*
C 0.21 0.30 0.93 0.44
Cell Shunt Resistance [Ω]
A 117 112 144* 383*
B 179 230 118* 81.0*
C 197 151 30.3 1350
100◦C. In contrast, 4xMPP Cell A in Fig. 2.3(b) shows second breakdown
resulting in temperatures above 100◦C at the bottom left corner of the cell.
Work done in [21] indicates that second breakdown is a fundamental fail-
ure mechanism in p-n junctions that is associated with the reverse-bias power
and temperature. Thus, each cell has a certain threshold at which second
breakdown occurs. This transition into second breakdown was observed while
testing 4xMPP Cell A. Fig. 2.4 shows the temperature, cell current and cell
voltage before and after second breakdown occurs. As temperature increases,
the second breakdown threshold is reached at 480 s into the test. As a re-
sult, the temperature at the center of the cell (where the thermocouple is
measuring the temperature) decreases because the current and heat become
concentrated at the cell corner. The localized temperature increase affects
the I-V characteristics such that the previous operating point can no longer
be sustained. The test equipment attempts to find the new operating point
that will dissipate 14.0 W through the cell, but reaches the 1.4 A current
limit and settles to a voltage around -5 V. The next day that the cell was
run in reverse bias, it did not instantly go into second breakdown; it exhib-
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(a) 4xMPP Cell C
(b) 4xMPP Cell A
Figure 2.3: Reverse-bias heating distributed throughout the cell (a) and
localized due to second breakdown (b).
ited normal reverse-biased characteristics until it hit the second breakdown
threshold after only 80 seconds. This shows that second breakdown does not
permanently destroy the reverse-biased characteristics such that it always
goes into second breakdown, but it does appear to lower the threshold.
These results indicate that PV cells have different thresholds for second
breakdown. This threshold was not clearly correlated to shunt resistance
of the cell, since the lowest value of 30.3 Ω for 3xMPP Cell C did not ex-
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Figure 2.4: Second breakdown occurring in the 4xMPP Cell A.
perience second breakdown, and the cells that did breakdown had varying
shunt resistances. The clearer link to breakdown threshold is power level.
Second breakdown was observed at reverse-biased power levels of 3xMPP
and 4xMPP. Thus, ensuring that power magnitudes stay under 2xMPP is
recommended to prevent second breakdown.
2.2.4 Heating Effects on the I-V Curve
Temperature increase is the main reason for I-V curve changes and snapback
during hot spotting. For cells that did not exhibit second breakdown, tem-
perature increase was proportional to the reverse-biased power level. The
two main breakdown mechanisms, avalanche and zener, react differently to
temperature increase. Avalanche breakdown tends to decease breakdown
voltage to be more negative, while zener breakdown tends to increase break-
down voltage to be less negative [14].
During the experiment, I-V curves were measured for each cell before, after
20 minutes, and after 60 minutes of each test. I-V curves for cells that did
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not experience second breakdown are shown in Fig. 2.5. At power levels of
1xMPP and 2xMPP and below the I-V curve exhibits little change during
hot spotting, as shown in Fig. 2.5(a) and 2.5(b), respectively. The 3xMPP
Cell C, shown in Fig. 2.5(c), exhibits zener breakdown trends, while 4xMPP
Cell C, shown in Fig. 2.5(d), exhibits avalanche breakdown trends.
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Figure 2.5: I-V characteristics measured before, during and after the hot
spot endurance test for cells 1xMPP Cell A (a), 2xMPP Cell B (b), 3xMPP
Cell C (c), and 4xMPP Cell C (d), which did not exhibit second breakdown.
Once a cell goes in the second breakdown, there is a temperature increase
at the breakdown point and the high-temperature characteristics dominate
the I-V curve of the entire cell. The I-V curves measured during hot spotting
tests for cells experiencing second breakdown are shown in Fig. 2.6. For
both 3xMPP Cell B, shown in Fig. 2.6(a), and 4xMPP Cell A, shown in
Fig. 2.6(b), I-V characteristics change drastically from before to during the
reverse-bias test. At high temperatures that result from second breakdown,
zener breakdown trends dominate the reverse I-V characteristics, as shown
by the reverse-voltage portion of the curve shifting to the right.
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Figure 2.6: I-V characteristics measured before, during and after the hot
spot endurance test for cells 3xMPP Cell B (a) and 4xMPP Cell A (b),
exhibiting second breakdown.
2.2.5 Permanent Reverse I-V Curve Changes
One goal of this study is to observe the permanent effects of hot spotting
and second breakdown on PV cells. The full I-V curve was measured each
day before the endurance test was conducted; the cell had been covered and
unused since the previous day’s test and was at room temperature before the
I-V sweep was run. Permanent changes in the I-V curves for cells that did not
experienced second breakdown are shown in Fig. 2.7. I-V characteristics for
the 1xMPP Cell A in Fig. 2.7(a), 2xMPP Cell B in Fig. 2.7(b), and 3xMPP
Cell C in Fig. 2.7(c) do not show significant change over the seven days of hot
spotting tests. However, there is an observable breakdown voltage change for
4xMPP Cell C, as shown in Fig. 2.7(d). Even though the cell did not go into
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second breakdown, the 4xMPP power level degraded the reverse-biased I-V
characteristics. Temperature at the back center of the cell was measured
at 50◦C; although the internal cell temperature was higher, it could not be
measured direct. These results suggest that degradation may occur at surface
temperatures well below 150◦C. In this case, a reverse power level of four
times the MPP was enough to cause a change in the I-V characteristics.
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Figure 2.7: I-V curves over the seven days of hot spotting tests for cells
1xMPP Cell A (a), 2xMPP Cell B (b), 3xMPP Cell C (c), and 4xMPP Cell
C (d), which did not exhibit second breakdown.
Permanent changes in I-V curves for cells that exhibited second breakdown
during the endurance test are shown in Fig. 2.8. Surprisingly, even though
3xMPP Cell A experienced second breakdown for all seven days of testing,
the I-V curve does not change very significantly, as shown in Fig. 2.8(a). On
the other hand, the 3xMPP Cell B, shown in Fig. 2.8(b), and 4xMPP Cell A,
shown in Fig. 2.8(c), have clear and drastic changes to the reverse-biased I-V
characteristics. Mainly, the breakdown voltage increases to a less negative
value and the shunt resistance decreases.
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Figure 2.8: I-V curves over the seven days of hot spotting tests for cells
3xMPP Cell A (a), 3xMPP Cell B (b), and 4xMPP Cell A (c), which
exhibited second breakdown.
2.3 Conclusion
This chapter discussed how hot spotting occurs in a typical PV string due
to mismatch, which is often caused by shading or cell degradation. Reverse
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breakdown in PV cells is discussed, where zener and avalanche breakdown
are identified as the major breakdown mechanisms. Second breakdown is
also introduced, where current flows through a localized region of the PV
cell and significantly increases the localized cell temperature.
To further investigate hot spotting, a reverse-bias endurance test was con-
ducted on twelve m-c Si cells for seven days. Cells were reverse biased at
power levels of one to four times the MPP rating. I-V characteristics were
measured before and during the hot spotting tests to observe how they change
due to heating and how hot spots permanently alter the I-V characteristics.
The results can be divided into the cells that did and did not experience sec-
ond breakdown during the test. If second breakdown did not occur in the cell,
temperature increase and the resulting I-V curve shift was proportional to
reverse power. Avalanche and zener breakdown temperature trends were ob-
served due to cell heating, but clear permanent changes to the reverse-biased
I-V characteristics were only observed at 4xMPP. If second breakdown oc-
curred, localized heating drastically altered the I-V curve during hot spotting
and the I-V characteristics were more likely to permanently degrade. The
threshold for second breakdown was different for each PV cell, but tested cells
exhibited second breakdown at 3xMPP and 4xMPP. For these m-c cells, it
appears that less than 2xMPP power in reverse bias is a safe operating region
where second breakdown is less likely to occur.
In future studies, cell I-V curves should be measured under a controlled
lighting and temperature setup such that the forward-biased characteristics
can also be examined for degradation. Running the endurance over more days
would give insight into longer-term effects, for example, to see if changes in
reverse-biased characteristics taper off after a period of time. Lastly, it would
be beneficial to test more cells to have a larger sample size and different cell
materials, such as poly-crystalline (p-c) Si, amorphous Si, thin-film cells,
etc.
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CHAPTER 3
BYPASS DIODE INADEQUACY
The use of reverse bypass diodes across PV strings is standard practice that
is required in crystalline Si PV panels [35]. Their purpose is to prevent hot
spotting [10, 22, 26], however they are not completely effective. This chapter
explains how bypass diodes are insufficient for hot spot prevention. Bypass
diodes turn on to provide an alternative current path and attempt to pre-
vent extreme reverse voltage bias on PV strings. The general misconception
is that bypassing a string ‘protects’ cells against hot spotting. However,
numerous long-term field studies on systems employing bypass diodes have
found that hot spotting still occurs, which results in accelerated panel degra-
dation [11, 12]. Various simulation and experimental studies have shown that
partial shading on a bypassed string of PV cells has the potential to dissipate
substantial heat and form hot spots [36, 31, 24].
Hot spot endurance tests are part of the IEC 61215 standard for Si PV
panel qualification testing and are meant to identify PV panels that are
susceptible to hot spotting [35]. Work in [26] showed that these tests iden-
tify susceptible cells based on shunt resistance but do not catch cells with
localized shunts or other impurities that can also lead to hot spotting. Qual-
ification tests help identify and eliminate some panels that are prone to hot
spotting, but not all.
Field, simulation, and experimental studies in the literature contradict the
notion that current practices of bypass diodes and qualification testing are
sufficient to protect against hot spotting. PV hot spotting is still a prevalent
problem that limits reliability. In some cases, hot spotting can also lead
to fires [9] so it is also a safety concern. This chapter reexamines PV hot
spotting to show why bypass diodes are inadequate for protection through
detailed simulation.
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3.1 PV String and Cell Characteristics
The amount of power dissipated in a reverse-biased PV cell depends on its
I-V characteristics, which vary widely among cells; most manufacturers do
not control for reverse breakdown characteristics [36]. There are two cell
categories recognized by the PV industry: Type A and Type B. Type A cells
have a reverse-breakdown voltage greater in magnitude than the subpanel
string voltage at the MPP and Type B cells have a reverse-breakdown volt-
age lower than the MPP voltage [10, 31]. A common subpanel string length is
24 cells and the nominal MPP voltage for such a substring is approximately
12 V. Fig. 3.1 shows the I-V curve for two representative PV cells, modeled
according to [37], shaded at 0 W/m2 and illuminated at the nominal irradi-
ance of 1000 W/m2. Fig. 3.1(b) shows the forward characteristics, where an
illuminated cell produces power while operating in the first quadrant with
positive voltage and current. Fig. 3.1(a) shows the reverse characteristics,
where a cell dissipates power while operating in the second quadrant with
negative voltage and positive current. Note the voltage scale difference be-
tween the plots. As shown, the sample Type A cell breaks down beyond -18
to -25 V and the sample Type B cell around -5 V to -8 V. Both cell types
will be examined under reverse-biased conditions.
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Figure 3.1: I-V curve in reverse (a) and forward (b) voltage region for
illuminated and shaded Type A and B cells.
Hot spots form when a PV cell becomes reversed biased with sufficient
current to locally heat the p-n junction. Reverse bias occurs when there is
a current characteristic mismatch between PV elements in a series connec-
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tion. Partial shading is the most common culprit behind severe mismatch
that leads to hot spotting, but uneven cell degradation and temperature gra-
dients also cause mismatch. The bypass diode across the substring may or
may not turn on when mismatch occurs in a panel substring. In the next
two subsections, we examine how a mismatched string operates when it is
bypassed or not.
3.2 PV String under Bypass
A partial shading case is shown in Fig. 3.2(a), where a leaf has fallen on PV
Cell 1 of a 24-cell subpanel string. The bypass diode has turned on based on
currents and passive behavior. A Schottky bypass diode will impose approxi-
mately -0.5 V across the substring. Although the bypass diode is on, current
also flows through the partially-shaded substring. This behavior is exam-
ined using load-line analysis to investigate shaded-cell operation within the
bypassed substring. Fig. 3.2(b) depicts the bypass diode and 23 illuminated
PV cells as sources and the shaded cell as the load. According to Kirchhoff’s
voltage law, the bypass diode drop plus the other 23 PV cell voltages must
equal the reverse voltage seen by the shaded cell. Note that the shaded PV
cell voltage will be negative.
Consider an example in which nominal power per cell is 3.4 W, with lo-
cal maximum power at 0.46 V and 7.34 A. In Fig. 3.3, the combined source
(bypass diode and 23 unshaded PV cells) and load cell I-V characteristics
are overlaid; the source and load intersection point is the operating point.
If the leaf completely shades one cell such that its irradiance is 0 W/m2,
then the load lines and operating point for cell types A and B are as shown
in Fig. 3.3(a). The Type A cell operates at relatively high voltage and low
current, dissipating twice the nominal cell power at 7 W. The Type B cell
operates at a lower voltage and higher current, dissipating over 22 times the
nominal cell power at 76 W. When the cell is completely shaded, the Type B
cell has a much higher power dissipation than the Type A cell. In practice,
heavy partial shading is a common scenario, whether from vegetation, chim-
ney shadows, or uneven soiling. Some studies argue that Type A cells have
reliability advantages over Type B cells [10, 22, 30], and this heavy shading
analysis tends to explain such claims. However, a review of more in-depth
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(a) connection diagram (b) source-load equivalent
Figure 3.2: Bypassed subpanel string (a) reorganized with the shaded cell
as the load and the other PV cells and bypass diode voltage as sources (b).
studies [26, 31, 36] shows that Type A cells can also dissipate significant
power and form hot spots.
The worst case for power dissipation through a shaded cell occurs when
its load line exactly intersects the MPP of the combined source. If the Type
A cell is illuminated at 887 W/m2, the load line shifts upward, intersects the
MPP, and the shaded cell dissipates 82 W, as shown in Fig. 3.3(b). For any
Type A cell, there exists an illumination level (or equivalent cell degradation
level) at which the cell dissipates the MPP of the entire combined source.
In Type B cells, the worst case power dissipation is when the cell is at 0
W/m2; under illumination, the load line is shifts upwards and the power
dissipation decreases. Fig. 3.3(b) shows the worst-case scenario for both cell
types, where each cell dissipates its worst-case maximum power. Type B cells
exhibit the highest power dissipation under heavy partial shading, whereas
Type A cells can dissipate up to the full string power under light partial
shading conditions. In each case, a cell is dissipating more than 20 times
is rated MPP, and subject to extreme stress as a result. Thus, typical PV
panel substrings of either cell type with bypass diodes are not safe from hot
spotting.
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Figure 3.3: Load lines for a bypassed PV string where the cell is shaded at
0 W/m2 (a) and at the worst case illumination for each cell (b).
3.3 PV String under MPPT Control
When a mismatched string is not bypassed, the total voltage of the string
is a positive value determined by an external power converter, employing a
MPPT control to maximize system output. Consider an example in which
the string voltage that maximizes the total power output is 8 V, as shown
in Fig. 3.4(a). Here, the substring terminal voltage is a positive voltage
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rather than a negative voltage drop due to a bypass diode. The system is
rearranged into the source and load setup, as shown in Fig. 3.4(b). The
string terminal voltage subtracts from the PV string voltage, such that the
I-V curve of the illuminated cells is shifted to the left by 8 V; the resulting
combined source curve is shown in Fig. 3.5. Here, the worst-case illumination
level of the shaded string is 745 W/m2, in which power dissipated through
the shaded cell is 23 W, the MPP of the combined source. This power level
is significantly lower than the maximum power in the bypassed case, but
still more than six times the nominal cell power, which has potential for hot
spotting damage [15].
(a) connection diagram (b) source-load equivalent
Figure 3.4: Non-bypassed subpanel string (a) with the shaded cell as the
load and the other elements as sources.
These examples have shown that both A and B cell types have the potential
for reverse bias and hot spotting. As shown, a mismatched Type A cell in a
24-cell string can potentially dissipate the full power produced by the other
23 cells and the bypass diode. A bypassed string has a higher potential
power dissipation level and a higher chance of hot spotting compared to
a non-bypassed string with positive voltage across the terminals. Using a
dc-dc converter to control a substring at MPP reduces power dissipation,
but is not sufficient to completely prevent hot spotting. Bypass diodes are
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Figure 3.5: Load lines for a non-bypassed PV string with each cell type at
its worst case illumination.
more effective in mitigating hot spots for short string lengths. For example,
placing bypass diodes over every two cells would ensure that a PV cell never
dissipates more than the nominal power of two cells—a power level that is
unlikely to damage the cell [15].
In the past, some designers have even advocated bypass diodes across every
cell [38], which is an effective method in preventing hot spot damage. In the
1980s, the concept of fabricating a bypass diode into the PV cell began to
be explored [39, 40, 41]. The concept has also been implemented in multjuc-
tion cells, which are typically used for space applications [42]. However, the
addition of discrete or integrated bypass diodes at the individual cell level
increases cost. In the terrestrial photovoltaic industry, this additional cost
is prohibitively expensive such that individual bypass diodes have not been
used in the past and are unlikely to be adopted in the near future. Thus,
other low-cost hot spot prevention methods are needed.
3.4 Active Bypass Switches
When bypass diodes turn on they have a forward voltage that increases
the voltage imposed on a hot spotting cell and also dissipates some power.
Active switch solutions have been proposed in [43, 44, 45] that short the PV
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substring when it needs to be bypassed to reduce power loss. Smart bypass
diodes have been commercialized [46]. The active bypass switch approach
reduces the voltage over the PV string during bypass and the resulting power
loss; it is incrementally better for hot spot mitigation than using bypass
diodes. As illustrated in Fig. 3.6, short-circuiting the substring reduces the
maximum possible power dissipation (from 82 W to 78 W), but does not
prevent hot spotting.
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Figure 3.6: Load lines for an actively bypassed PV string.
3.5 PV Cells with Low Reverse-Breakdown Voltage
Type B cells exhibit worst-case power dissipation when fully shaded; the
power dissipated is proportional to the breakdown voltage. PV cells with
a lower breakdown voltage magnitude also have a lower maximum possible
power dissipated in a cell. At least one major manufacturer produces PV
cells with a low reverse-breakdown voltage of -5.5 V and -2.5 V for this
reason [33]. Cells with low reverse-breakdown characteristics still become
reversed biased and dissipate heat. This approach is only effective if the cell
is able to dissipate the imposed heat without causing damage. As discussed
in Chapter 2, hot spotting at levels above two times the MPP rating have
potential to permanently damage the cell. As shown in Fig 3.7, even cells
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with -2.5-V reverse-breakdown could potentially dissipate up to 22 W, over
six times the cell MPP. PV cells with low reverse-breakdown voltages limit
the maximum power dissipation, but further endurance and field studies on
cells with -2.5-V breakdown voltage are needed to determine their hot spot
susceptibility.
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Figure 3.7: Load lines for an actively bypassed PV string.
3.6 Conclusion
Although it is often presumed that bypass diodes across subpanel PV strings
protect against hot spotting, simulation results show that reverse bias and
hot spotting can still occur in typical PV strings and substrings. Both Type
A and B cells are susceptible to hot spotting, which can lead to second
breakdown or cell encapsulant damage and permanently degrade the PV
panel or lead to fires. Even if a converter controls each substring at its MPP,
there is still potential for hot spotting. Bypass diodes are more effective at
mitigating hot spots for short PV string lengths, but this is not conventionally
done in panel construction. Active bypass switches are an improvement
over the bypass diode, but do not resolve hot spotting. Cells with very low
breakdown voltages limit the power dissipated in a reversed cell and may
still experience hot spotting and damage. The purpose of this chapter has
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been to show that bypassing a typical PV string with a diode or active
switch is inadequate to protect against hot spotting and, thus, hot spot
prevention methods are worthy of further investigation. Hot spot detection
and prevention methods will be described in Chapters 5 and 6, respectively.
Before these methods can be fully understood, an in-depth PV model that
incorporates reverse-bias characteristics for hot spotting analysis is discussed
in Chapter 4.
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CHAPTER 4
PHOTOVOLTAIC MODEL
PV emulation is required for both experimental and simulated study of PV
cells and full systems. For controlled indoor experiments, a technique that
emulates PV photocurrent with a real PV panel can be used [47] or a power
supply can be programmed to follow a simulated I-V curve. Simulations are
needed for PV system analysis and to emulate large-scale systems that would
otherwise be very costly to build [48]. For both experimental and simulation
purposes, PV models are needed that provide enough accuracy without long
computation time. Generally, PV models trade off simplicity with accuracy
to run the required calculations quickly, while providing enough detail to
model the desired characteristics.
The most common PV model is the single-diode circuit model, which is a
nonlinear dc model that is fully detailed in works such as [49, 50]. There are
various more detailed PV models described in [51, 52] that mainly focus on
accuracy for dc characteristics in the forward-biased region. The dynamic
and reverse-bias characteristics are commonly neglected, but these character-
istics are needed, particularly for hot spotting analysis. The proposed model
incorporates capacitive, inductive, and reverse-bias characteristics.
Dynamic characteristics are apparent when PV panels are connected to
switch-mode power converters [53] and should not be ignored. PV cells ex-
hibit nonlinear parallel capacitance [54] that can be modeled in a similar way
to p-n junction diode capacitance, as in [55, 56, 57, 58]. There are a number
of established PV models that include parallel capacitance. In [59], PV cell
capacitance is measured using frequency analysis and modeled as diffusion
capacitance. In [54], Si cells are tested at different temperatures and capac-
itance is modeled as diffusion and junction capacitance. Series inductance
is another characteristic that affects dynamic operation. The inductance
value is often negligible for individual cells at normal switching power supply
frequencies, but may affect long strings of PVs. Modules with long cables
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also contribute additional inductance so the series inductance is not always
negligible. In [60], both capacitive and inductive aspects are modeled and
identified using time-domain analysis. In [48], the authors implement a PV
model with inductance and diffusion capacitance in Matlab Simulink and
Plexim PLECS. While these models capture dynamic characteristics, they
do not incorporate reverse-breakdown characteristics.
When PVs are reversed biased past a certain threshold, the p-n junction
goes into reverse breakdown that results in significant reverse current through
the cell. There are some PV models that incorporate reverse breakdown ef-
fects, as in [51, 61], but the model is not compared to measured data and
a parameter identification procedure is not provided. Because literature on
modeling PV cells in reverse bias is limited, p-n junction diode literature
was also investigated. A detailed p-n junction diode model incorporating
tunneling and avalanche effects is described in [62, 63], but requires detailed
manufacturing and material data that is not publicly available. A straight-
forward model that captures the general reverse-breakdown trends from basic
measurements and datasheet information is more useful for practicing engi-
neers.
While PV forward-bias, dynamic, reverse-breakdown characteristics have
been explored at various levels of detail in previous literature, there is a need
for a comprehensive model incorporating all of these aspects. This work de-
scribes a dynamic circuit-based PV model for both forward and reverse bias
that incorporates parallel capacitance and series inductance. The governing
mathematical equations and physical reasoning are provided. Model param-
eters are identified from both datasheet information and measured data.
Using this electrical model as a basis, an electro-thermal model is devel-
oped to investigate hot spotting. The electrical model is extended to incor-
porate a thermal model, using Matlab Simulink and Simscape. When the
cell is reverse biased, the dissipated heat increases the internal temperature
and, in turn, alters the electrical characteristics. Using the electro-thermal
model, hot spotting cell behavior is investigated for typical string lengths of
12, 24, and 36 cells. These simulations explore power dissipation in a hot
spotting cell over a typical operating range. Portions of this chapter have
been published in [36] and [37].
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4.1 Dynamic PV Model
A PV cell is essentially a p-n junction with parasitic resistances, capacitance,
and inductance that can be modeled using circuit components, plus a cur-
rent source representing photocurrent. The full PV equivalent circuit model
is shown in Fig. 4.1. In addition to the basic single-diode PV model, which
consists of the photocurrent source Iph(·), forward-bias conduction diode Df ,
shunt resistance Rsh, and series resistance Rs, this model incorporates a series
inductance Ls, variable parallel capacitance Cp(·), and reverse-bias conduct-
ing diode Dr with a breakdown voltage offset Vbd. Fig. 4.2 shows the regions
where the dc model components affect the I-V curve of an unilluminated cell.
This is the large-signal model for a PV cell.
Rs +
_
I   (  )ph RshDf Vpv
IpvLs
Dr
Vbd
C  (  )p
Figure 4.1: Dynamic PV model equivalent circuit.
Figure 4.2: PV I-V curve showing where dc components affect the curve.
PV characteristics are affected by changes in illumination G and tempera-
ture T . The model is set up such that G, T , and PV current Ipv are inputs,
and the output is the resulting PV voltage Vpv. All model variables and units
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are outlined in Table 4.1. A portion of the parameters are taken from the
datasheet; the rest are determined from measured data.
Table 4.1: PV Model Variables
Model Input
G irradiance [W/m2]
T temperature [◦C]
Ipv PV current [A]
Model Output
Vpv PV voltage [V ]
Internal Parameters
k Boltzmann constant [J/K]
q electron charge [C]
Gn nominal irradiance [W/m
2]
Tn nominal temperature [K]
Datasheet Parameters
Iscn nominal short circuit current [A]
Vocn nominal open circuit voltage [V ]
Impp maximum power point current [A]
Vmpp maximum power point voltage [V ]
Ki current temperature coefficient [A/K]
Kv voltage temperature coefficient [V/K]
Ns number of cells in series
Measured Parameters
Rs series resistance [Ω]
Rsh shunt resistance [Ω]
Ls series inductance [H]
a diode ideality factor
Vbd breakdown voltage [V ] (negative value)
Isr reverse saturation current [A]
Kr reverse breakdown scalar coefficient
Cj0 zero-bias junction capacitance [F ]
φ0 zero-bias junction potential [V ]
τ mean carrier lifetime [s]
τbd breakdown mean carrier lifetime [s]
The model assumes passive components Rs, Ls, and Rsh are constant—
effects of G and T are negligible on them. The Rs and Ls are associated
with the physical length, area, and shape of the leads. These values tend to
be small for individual cells, but can be substantially higher for PV panels.
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The Rsh value is linked to the PV material, thickness, and manufacturing
quality. The parallel capacitance Cp value is not constant; it is affected by
the PV operating point. Similarly, the forward diode Df and reverse diode
Dr have nonlinear characteristics that are affected by temperature.
4.2 PV Model Governing Equations
The proposed PV model governing equations are based on the equivalent
circuit model, shown in Fig. 4.1. First, the parallel components are described
relative to the PV model inputs (G, T , Ipv) and voltage over the forward diode
Vd, and Vd is solved for using a nonlinear solving technique. Then, the model
output Vpv is determined from Vd and Ipv using the series element’s governing
equations.
4.2.1 Photocurrent
The photocurrent Iph represents the current of electrons excited by illumina-
tion. Its value is directly proportional to G, with the difference between T
and nominal temperature Tn creating a small offset. The governing equation
for Iph is
Iph(G, T ) =
[
Iscn
(
Rs +Rsh
Rsh
)
+Ki(T − Tn)
]
G
Gn
(4.1)
where Iscn is nominal short-circuit current, Ki is current temperature coeffi-
cient, and Gn is nominal irradiance [49].
4.2.2 Diodes
Both forward and reverse diodes are affected by temperature T through the
thermal voltage
Vt(T ) =
kT
q
Ns (4.2)
where k is Boltzmann’s constant, q is electron charge, and Ns is the number
of series cells. The forward diode Df conducts when the PV is forward biased,
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and its current Idf is
Idf (T, Vd) = Is(T )
[
exp
(
Vd
aVt(T )
)
− 1
]
(4.3)
where a is diode ideality factor that ranges from 1 to 2 and diode saturation
current Is, as derived in [49], is
Is(T ) =
Iscn +Ki(T − Tn)
exp
(
Vocn+Kv(T−Tn)
aVt(T )
)
− 1
(4.4)
where Vocn is nominal open-circuit voltage and Kv is voltage temperature
coefficient. The reverse diode Dr conducts current when the PV is reversed
biased, and its current Idr is
Idr(T, Vd) = Isr exp
(
KrVbd
aVt(T )
)[
exp
(−KrVd
aVt(T )
)
− 1
]
(4.5)
Note that current is defined in Dr’s forward-conducting direction and Vbd is
a negative voltage. Even between cells with similar forward characteristics,
reverse characteristics can vary widely [63]. The aim of this model is to
capture general reverse-breakdown trends without delving into intricate non-
idealities.
4.2.3 Parallel Capacitor
PV parallel capacitance Cp comes from the sum of three different sources:
junction, diffusion, and breakdown capacitance. These capacitances are non-
linear values that depend on temperature and the operating point. Fig. 4.3
shows Cp as a function of Vpv and the regions where each type of capacitance
dominates.
Junction or transition capacitance Cj comes from charge stored in the
depletion region at the semiconductor p-n junction. It dominates at small
positive and negative voltages, where the junction is not conducting signifi-
cant current [55, 56, 57]. The Cj is determined according to
Cj(Vd) =
Cj0√
1− Vd
Nsφ0
(4.6)
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Figure 4.3: Parallel capacitance over PV voltage showing where breakdown
(Cbd), junction (Cj), and diffusion (Cd) capacitance dominate.
as done in [58], where Cj0 is the zero-voltage capacitance and φ0 is the zero-
voltage junction potential. The φ0 is an upper voltage bound for the model,
so it should hold that φ0 > Vocn.
Diffusion capacitance Cd comes from the charge stored in the neutral re-
gion of the semiconductor outside the depletion region. Thus, it dominates
above the MPP voltage, where the junction carries significant current. The
magnitude of Cd tends to be larger than that of Cj. It is prominent when
the p-n junction is forward biased and negligible when reversed biased. The
Cd is directly proportional to the diode junction current Idf according to
Cd(T, Vd) =
τIdf (T, Vd)
aVt(T )
(4.7)
where τ is mean carrier lifetime [55].
Breakdown capacitance Cbd dominates when the cell goes into reverse
breakdown. Tunneling, Shockley-Read-Hall recombination, and avalanche
are physical factors that contribute to p-n junction breakdown [63]; model-
ing these factors individually would result in an overly-complicated model.
In an effort to maintain simplicity, Cbd is modeled similarly to Cd such that
Cbd(T, Vd) =
τbdIdr(T, Vd)
aVt(T )
(4.8)
where τbd is the effective carrier lifetime under breakdown.
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The overall parallel capacitance Cp is
Cp(T, Vd) = Cj(Vd) + Cd(T, Vd) + Cbd(T, Vd) (4.9)
where Cj, Cd, and Cbd must be positive; if any capacitance result is negative,
it is set to 0. Parallel capacitance current ICp is governed by
ICp(Vd) = Cp(T, Vd)
dVd
dt
(4.10)
4.2.4 Shunt Resistance
Shunt resistor current IRsh is
IRsh(Vd) =
Vd
Rsh
(4.11)
according to Ohm’s law.
4.2.5 Diode Voltage
Applying Kirchhoff’s current law to these currents yields
0 = Iph(G, T )− Idf (T, Vd)− ICp(Vd)
+Idr(T, Vd)− IRsh(Vd)− Ipv (4.12)
which is a nonlinear equation that can be solved for Vd given G, T , and Ipv
as inputs. Nonlinear problem solving techniques, such as Newton-Raphson,
can be employed. The differential term ICp can be solved for with standard
numerical integration techniques used for simulation.
4.2.6 PV Voltage
Once the diode voltage Vd is determined, PV voltage Vpv is calculated ac-
cording to
Vpv(Vd, Ipv) = Vd − IpvRs − LsdIpv
dt
(4.13)
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The differential term here is also solved for using numerical integration simu-
lation techniques. Equations (4.1) to (4.13) fully define the proposed dynamic
PV model.
4.2.7 AC Small-Signal Model
The small-signal model is also analyzed because it is used to calculate the ca-
pacitance Cp and inductance Ls values. The ac small-signal model is depicted
in Fig. 4.4. Under ac analysis the Rs, Ls, and Cp(·) values are equivalent
to the previously-described large-signal model. The Iph, diode characteris-
tics for Df and Dr, and Rsh become an equivalent parallel resistance Rp(·),
whose impedance depends on G, T , Ipv, and Vd. Small-signal impedance Z
is expressed mathematically as
Z =
[
Rs +
Rp
α + 1
]
+ j
[
Lsω −
ωR2pCp
α + 1
]
(4.14)
where ω = 2pif is the radian frequency and α = ω2R2pC
2
p .
Previous literature on PV ac characteristics [64, 54, 65, 66] displayed
impedance measurements in a Nyquist plot, where the Rs and Rp values
are clearly shown, but the magnitude of the Cp or Ls values are not visual-
izable. Here, the impedance data is presented in Bode plot form to provide
a visualization for each parameter. Fig. 4.5 shows the Bode plot for the ac
small-signal, labeled with the region where each component dominates in
both the magnitude and phase plot.
Cp
Rp
Rs +
_
(  )
(  )
Ls
Figure 4.4: Ac small-signal PV model, where Rs and Ls are static, and
Cp(·) and Rp(·) depend on environmental and operating conditions.
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Figure 4.5: PV ac small-signal model bode plot.
4.3 Experimental Measurements
Basic datasheet information and three experimental tests are used to iden-
tify all required model parameters. All tests are conducted on unilluminated
(dark) PV cells, such that these tests can be conducted in a typical elec-
tronics lab without expensive solar simulator equipment. A Keithley 2429
SourceMeter was used as a dc power source, an Agilent 33250A Function
Generator with a transformer generated the ac signal, a Tektronix MSO4034
Oscilloscope captured and recorded the ac waveforms, and a computer run-
ning a Python script that communicates via GPIB automated the process.
4.3.1 Datasheet Information
PV datasheets typically supply nominal operating characteristics such as the
short-circuit current Iscn, open-circuit voltage Vocn, MPP voltage Vmpp, and
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MPP current Impp. Most datasheets also supply a Voc temperature coefficient
Kv and an Isc temperature coefficient Ki. If the temperature coefficient is
not supplied, the value can be estimated based on PV modules of the same
material, e.g. Kv = 176.6 mV/K and Ki = 3.5 mA/K for sample m-c Si cells
[67].
4.3.2 Test 1: I-V Curve
The first test measures the I-V curve, where the power source is directly
connected to the PV under test, as illustrated in Fig. 4.6. The measurement
range must be wide enough and at a high enough resolution to accurately
capture both forward diode and the reverse-breakdown characteristics. For
Test 1, the power source was set in constant-current mode and swept over
the operating range in 1 mA increments.
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Figure 4.6: Equipment setup for the three PV characterization tests.
4.3.3 Test 2: AC Frequency Sweep
The second test is an ac frequency sweep on the unilluminiated PV cell under
no dc bias (0 V, 0 A) to identify Rs and Ls. The function generator connects
through a transformer (for isolation) to the PV, as shown in Fig. 4.6. The fol-
lowing component value calculations are based on magnitude measurements
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only and not phase angle; if desired, values could also be derived based on
phase angle measurements. As shown in Fig. 4.5, the lowest impedance value
of the ac small-signal bode plot is the resonance point, which is equivalent to
Rs. The lowest measured impedance from the ac frequency sweep is taken
as Rs.
Next, to calculate Ls, first Rp and Cp must be calculated. The Rp value is
calculated from a low-frequency impedance measurement Zlowf according to
Rp = |Zlowf | −Rs (4.15)
In the mid-frequency range, the impedance magnitude begins to decrease
with increasing frequency because Cp characteristics dominate. From this
mid-frequency impedance magnitude |Zmidf |, Cp is
Cp =
1
Rpω
√
(Rs +Rp)2 − |Zmidf |2
|Zmidf |2 −R2s
(4.16)
assuming Rs and Rp were already determined. Above the resonant point,
Ls dominates and impedance magnitude increases with frequency. In this
high-frequency range, impedance magnitude |Zhighf | is used to calculate Ls
according to
Ls =
1
ω
√
|Zhighf |2 − Rs +Rp
1 + α
+
R2pCp
1 + α
(4.17)
using the known Rs, Rp, and Cp values.
4.3.4 Test 3: AC Measurements for Capacitance
The third test is a constant-frequency ac measurement to determine Cp at
various operating points. The power source is in series with the transformer
driven by the function generator such that the ac measurement can be taken
over a range of dc operating points, as shown in Fig. 4.6. At each operating
point, first Rp is calculated at 500 Hz according to (4.15) and Cp is calculated
at 100 kHz according to (4.16). Breakdown voltage Vbd is chosen as the
voltage with the lowest measured capacitance.
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4.4 Parameter Fitting and Model Performance
An m-c and a p-c Si PV cell of the same dimension (6 in. by 6 in.) were
measured using the three previously-described tests. The Rs and Ls were
identified from Test 2, and Vbd from Test 3. The remaining parameters were
found using Matlab functions that fit parameter values to the measured data.
From the I-V curve measured in Test 1, Rsh is determined as the linear fit
of the curve from Vbd/2 to Vmpp/2, where the I-V curve is relatively linear.
The current through Rsh is subtracted according to (4.11), and the voltage
over Rs is subtracted according to Ohm’s law. The resulting I-V curve, with
parasitic resistances calculated out, is used to fit (4.3) in the forward-bias
region to determine a and (4.5) in the reverse-bias region to determine Isr
and Kr.
Next, the capacitance-voltage (C-V) curve, measured in Test 3, is split
into three regions: below Vbd, between Vbd and Vmpp, and above Vmpp, which
correspond to breakdown, junction, and diffusion capacitance, respectively.
First, transition capacitance is fit to C-V curve from Vbd to Vmpp according
to (4.6) to determine Cj0 and φ0. The transition capacitance is subtracted
from the measured capacitance such that the resulting C-V curve represents
diffusion and breakdown capacitance. Then, diffusion capacitance is fit in the
forward region above Vmpp according to (4.7) to determine τ , and breakdown
capacitance is fit in the breakdown region below Vbd according to (4.8) to
determine τbd.
4.4.1 Poly-Crystalline Si Cell
The measured p-c cell was an unused cell; its full parameter set is summarized
in Table 4.2. The cell’s I-V curve for the measured data and model are
compared in Fig. 4.7(a). The model fits well to the data over the full range
of operation, with only a slight divergence in the breakdown region. The
cell has a high Rsh and low Vbd, which means the cell exhibits good reverse-
blocking characteristics. The p-c cell’s measured and modeled C-V curves are
compared in Fig. 4.7(b). Below Vbd = −12.2 V, capacitance begins to increase
due to breakdown capacitance, which is neglected in most PV models, but
is apparent in this cell. The proposed model shows good fitting in all three
capacitive regions.
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Table 4.2: PV Model Parameters for P-C and M-C Si Cells
parameter p-c cell m-c cell unit
k 1.3806503× 10−23 J/K
q 1.60217646× 10−19 C
Gn 1000 W/m
2
Tn 298.15 K
Iscn 8.49 7.61 A
Vocn 0.623 0.624 V
Impp 7.89 7.03 A
Vmpp 0.46 0.45 V
Ki 0.00552 0.00495 A/K
Kv -0.00224 -0.00224 V/K
Ns 1 1
Rs 0.0442 0.0460 Ω
Rsh 305 91.8 Ω
Ls 1.74× 10−8 1.16× 10−7 H
a 1.34 1.31
Vbd -12.2 -23.5 V
Isr 0.327 0.0997 A
Kr 0.0355 0.0114
Cj0 1.45× 10−5 1.17× 10−5 F
φ0 1.02 0.82 V
τ 2.57× 10−6 5.76× 10−6 s
τbd 2.97× 10−8 0 s
4.4.2 Mono-Crystalline Si Cell
The measured m-c Si cell was also an unused cell; its parameters are also
summarized in Table 4.2. Fig. 4.7(a) compares the measured and modeled
I-V curves. This cell shows a lower Rsh and lower Vbd than the p-c cell.
The model fits well to the data over the operating range with only a slight
divergence below Vbd. The measured range was limited thermally, i.e., impos-
ing higher currents heated the cell, altering its I-V characteristics. Accurate
measurements over a larger range would result in better fit parameters, but
the parameters are adequate for the given operating range. Fig. 4.7(b) shows
the m-c measured and modeled C-V curves, which are well matched. While
the transition and diffusion capacitance trends are clear, voltage does not be-
come sufficiently reversed biased to observe breakdown capacitance trends.
Breakdown capacitance can be easily ignored in this cell by setting τbd = 0.
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Figure 4.7: I-V (a) and C-V (b) curves comparing measured data and
model for the p-c and m-c PV cell.
4.4.3 Illumination Experiment
The p-c cell is tested under an indoor illumination setup using a halogen light
powered by a dc supply so that the 60 Hz grid frequency did not interfere
with the ac tests. The cell was illuminated at 60 W/m2—a relatively low
irradiance to reduce temperature increase—and Test 1 and 3 were performed
on the cell. The p-c cell model was simulated under the same conditions.
Fig. 4.8 compares the dark and illuminated results. Fig. 4.8(a) shows the
I-V curve; except for some deviation around the breakdown voltage, general
characteristics exhibit good matching between model and data. Fig. 4.8(a)
shows the C-V curve in the forward-biased region, where the illumination in-
creases diffusion capacitance. The measured data appears to have a slightly
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higher increase than predicted by the model, but the general trends are con-
sistent. Illumination had little effect on the capacitance in the reverse-biased
region. Further improvements to this model should focus on better fitting
the reverse-biased and capacitive characteristics to changes in illumination
and temperature.
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Figure 4.8: I-V (a) and C-V (b) curves comparing measured data and
model for the p-c PV cell under dark and illuminated conditions.
4.5 Modeling Hot Spotting in PV Strings
Next, the proposed PV model is used to examine how the reverse-biased
I-V characteristics and number of cells in series affect the potential for hot
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spotting. Using an electrical and thermal model in Matlab Simulink and Sim-
scape, three distinct PV cells are modeled and simulated in various string
lengths. Typically, bypass diodes are placed over each string in a PV panel.
String lengths generally vary between 12 and 36 cells—24 cells is very com-
mon [24]. This work examines hot spot risk in common string lengths of PV
cells with various reverse-biased characteristics. Three PV cells with differ-
ent I-V characteristics are measured, and model parameters are fit to the
data. The best-fit model is used to simulate partial shading in PV strings
of 12, 24, and 36 cells. Power dissipated through the shaded cell is explored
through simulation for the string at its MPP and when it is bypassed. Then,
the electrical PV model is expanded to incorporate heating and temperature
effects. This electro-thermal model is used to investigate cell temperatures
of hot spotting PV cells.
I-V curves for ten 3 in. by 1 in. bare p-c Si PV cells from the same man-
ufacturing lot were measured. Three cells with very different reverse-biased
characteristics were selected and modeled through parameter fitting. The
nominal power rating for each cell is 0.3 W. Relevant parameters for cell A,
B, and C are outlined in Table 4.3. Fig. 4.9 compares the measured and
modeled I-V curve for each cell. Forward-biased characteristics are relatively
similar, as shown in Fig. 4.9(a), while reverse-bias characteristics vary widely,
as shown in Fig. 4.9(b). Initial simulations use the previously-described elec-
trical characteristic model and do not incorporate temperature effects on
the reverse characteristics. Thermal aspects are modeled and used in later
sections.
Table 4.3: Model Parameters for Cells A, B, and C
Cell A B C
diode ideality factor, a 1.60 2.08 1.81
reverse breakdown voltage, Vbd [V ] -20 -18 -10
shunt resistance, Rsh [Ω] 674 144 32.0
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Figure 4.9: Measured and modeled I-V characteristics for three p-c PV cells
of various quality from the same lot.
4.6 Shading Simulations: Electrical Model
The reverse-biased characteristics’ effect on a cell’s hot spot susceptibility is
examined through simulation in Matlab Simulink. Using the electrical PV
model, string cells are emulated at 1000 W/m2, except one cell that is shaded
from 0 to 1000 W/m2 in 20 W/m2 increments. The simulation is run for 12,
24, and 36 series cells for cell A, B, and C—nine scenarios in total.
A string’s current value depends on the implemented control scheme and
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the operating point of any other strings connected in series or parallel. In the
best case, the string is independently controlled and operates at the string
MPP. In the worst case, the desired string current is too high and the bypass
diode or active bypass switch short-circuits the string. Power dissipated
through the shaded cell in each scenario is examined for these two cases: at
string MPP and short-circuited.
The power rating of each PV cell is 0.3 W . The cell should be safe from
hot spot damage as long as it does not dissipate more than twice this level
of power [15]. Dissipating more than this power level does not guarantee
hot spot damage; however, the higher the dissipated power, the higher the
probability of second breakdown and permanent damage. Plots showing
results for the shaded cell power also depict a dotted line at −0.6 W that
indicates this safe threshold.
4.6.1 Comparing String Lengths
The effect of string length on power dissipation though the shaded cell is
examined for cell A, B, and C. The MPP results at string lengths of 12, 24,
and 36 cells are shown in Fig. 4.10. For all three cell types, increasing the
cell number sinks more power through the shaded cell. A string length of
12 cells, shown in Fig. 4.10(a), is the only length that ensures safe (above
−0.6 W) operation. A string length of 24 cells, shown in 4.10(b), also shows
fair performance, except for cell C at lower irradiance levels. A length of 36
cells, shown in 4.10(c), sinks even more power at lower irradiance levels and
increases hot spotting risk.
Fig. 4.11 shows the results for the same string scenarios in bypass. Again,
increasing string length worsens the power dissipation through the shaded cell
and increases chances of hot spotting for all cell types. Even the 12-cell string
under bypass, shown in Fig. 4.11(a), sinks significantly more power than the
safe threshold; 24-cell and 36-cell strings magnify power dissipation according
to string length. Thus, even a short length of 12 cells is not sufficient to
protect against hot spot damage when the string is bypassed.
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Figure 4.10: Power through the shaded cell type A, B, and C for strings of
12 (a), 24 (b), and 36 (c) cells at MPP.
4.6.2 Comparing Reverse-Bias Characteristics
To compare the effects of the cell’s reverse-biased characteristics on hot spot
risk, refer to the simulation for 24 cells in series—the most common string
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Figure 4.11: Power through the shaded cell types A, B, and C for a
bypassed string of 12 (a), 24 (b), and 36 (c) cells.
length. The shaded cell power results for operation at string MPP are shown
in Fig. 4.10(b). Cell A shows the best performance and never goes below
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the safe threshold. Cell B dissipates more power but is still above the safe
threshold. Cell C sinks significantly more power and is more susceptible to
hot spotting at lower irradiance levels. Note that the jump in the power level
below 50 W/m2 is due to the MPP changing from one local maxima to the
other. When the string is controlled at MPP, a shaded cell with low Rsh (cell
C) sinks significantly more power at lower irradiance than cells with high Rsh
(cell A).
Results for the bypassed 24-cell string are shown in Fig. 4.11(b). At irra-
diance levels below 500 W/m2, cell C dissipates the most power, but cell B
dissipates the most between 500-800 W/m2, and cell A dissipates the most
above 800 W/m2. Although cell A had excellent performance at MPP due to
high Rsh, its reverse-bias characteristics make power dissipation high under
slight shading conditions. When the string is bypassed, there exist shading
conditions where the shaded cell dissipates significant power, regardless of
the type of reverse-biased characteristics. These results are consistent with
the findings using load-line analysis in Chapter 3.
In all nine scenarios, bypassing the string forced the shaded cell to sink
significantly more power than the string MPP operating point. Fig. 4.12
shows a direct comparison at the 12-cell A string—the ‘safest’ cell-length
combination in conventional thinking—at MPP and bypassed to emphasize
the difference. Bypassing the string puts the shaded cell well beyond the safe
limit such that the cell is susceptible to hot spot damage.
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Figure 4.12: Comparison of shaded cell power at MPP and bypassed.
52
4.7 PV Electro-Thermal Model
The electrical model provides an initial estimate of the power levels we expect
to see under partial shading conditions. However, the temperature increase
due to power dissipation changes the I-V characteristics. For more accu-
rate results, the power dissipation effects on the internal temperature and
temperature effects on I-V characteristics also need to be modeled.
One of the major modeling challenges is that temperature increase can
have various effects on the reverse-biased characteristics; there is not a single,
clear trend. Recall that the two major breakdown mechanisms in Si PV
cells are zener and avalanche breakdown. As temperature increases, zener
mechanisms cause the breakdown voltage to become less negative (lower in
magnitude), while avalanche mechanisms cause the voltage to become more
negative (higher in magnitude) [14]. These temperature effects depend on
cell quality and material defects that are unique to each cell.
Because each cell’s I-V characteristics change differently with temperature,
the three cells were independently modeled for their specific temperature
dependence. Each cell was reverse biased at four different power levels, where
the cell temperature was measured with a thermocouple and the I-V curve
was quickly measured. The experimental setup is shown in Fig. 4.13. The
Keithley 2420 SourceMeter was used to maintain the power level and then
run the I-V sweep. The temperature was read using a thermocouple reading
device that communicated via serial to a Python script running the test.
Figure 4.13: Lab setup for testing and measuring PV cells.
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4.7.1 Thermal Equivalence Model
The thermal equivalence model links the power dissipated in the cell to the in-
ternal cell temperature. A thermal model was developed in Matlab Simulink
and Simscape to emulate the tested cells in the experimental setup. The Sim-
scape blocks are shown in Fig. 4.14, where the input is the power dissipated
through the cell and the output is cell temperature. There are two power flow
paths: from the cell to air and through the thermocouple to air. Thermal
conductivity for Si was assumed to be 148 W
m·K [68] and the convection-to-air
thermal conductivities were chosen to best match the experimental setup;
for a given power level, the thermocouple model temperature best fit the
measured values. With this calibrated model, the internal cell temperature
can be estimated for a given power dissipation through the cell.
Figure 4.14: Thermal equivalence model for a PV cell in Matlab Simscape.
4.7.2 Temperature-Dependent Electrical Model
For each power level, a parameter-fitting algorithm is run on the measured
I-V curve to find the value for the three parameters that define the reverse-
bias characteristics: shunt resistance Rsh, reverse-bias saturation current Isr,
and reverse-bias multiplication factor Kr. Each parameter is modeled as a
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function of internal cell temperature, which is estimated from the thermal
equivalence model. A polynomial fit tool is used to represent each parameter
as a continuous function over temperature. The parameter functions Rsh(T ),
Isr(T ), and Kr(T ) are then integrated into the electrical model. Fig. 4.15
shows the measured and modeled I-V curves at various temperatures for each
cell type.
4.8 Shading Simulations: Electro-Thermal Model
The electro-thermal PV model is formed by linking the thermal equivalence
and temperature-dependent electrical models. The simulation is set up in
the same way as in Section 4.6 except that the shaded PV is replaced with
the electro-thermal model. Power dissipation and temperature are found for
each string simulated under bypass.
4.8.1 Model Comparison
Shaded cell power dissipation results for the electrical model and the full
electro-thermal model are compared. At 12- and 24-cell lengths, results for
all three cell types were fairly similar. The 36-cell string showed a larger
divergence between the models, as shown in Fig. 4.16. The comparison for cell
A is shown in Fig. 4.16(a), where the maximum power dissipation irradiance
is slightly lower for the thermo-electric model. Fig. 4.16(b) shows a more
significant change with the Cell B thermo-electric model, in which the highest
power dissipation is shifted towards lower irradiance levels. Fig. 4.16(c) shows
the model comparison for Cell C, in which the thermo-electric model has a
slightly lower power dissipation level at lower irradiances. The electrical
model is adequate for smaller string lengths, but for larger string lengths or
high-temperature conditions, the electro-thermal model is needed for more
accurate results.
4.8.2 Shaded Cell Temperature
Shaded cell temperature results for each cell type and string length are shown
in Fig. 4.17. The simulation assumes 25◦C ambient temperature and that
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Figure 4.15: Electro-thermal model compared to measured I-V curves for
cell A (a), B (b), and C (c).
dissipated power is the only power that affects cell temperature. These results
are a conservative estimate of cell temperatures. Adding other heat sources,
such as direct sunlight, or assuming higher ambient temperature to emulate
summer conditions would increase the cell temperature.
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Figure 4.16: Comparison of electric and thermo-electric models for the cell
A (a), B (b), and C strings of 36 cells.
In the 12-cell string, shown in Fig. 4.17(a), the cell temperature increases
significantly above the ambient 25◦C, but all cell types remain below 100◦C.
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In the 24-cell string, shown in Fig. 4.17(b), all three cell types are driven to
higher temperatures that exceed 100◦C; these temperatures are more likely to
cause accelerated cell degradation. The 36-cell string, shown in Fig. 4.17(c),
reaches the highest temperatures. Cell A even exceeds 150◦C, which is a
temperature that can damage the PV panel encapsulant and lead to corrosion
damage [19].
4.9 Conclusion
A mathematic PV model with nonlinear dynamic characteristics in both
forward- and reverse-bias regions has been developed and fully described in
equations (4.1) to (4.13). The model incorporates reverse breakdown, series
inductance, and nonlinear capacitance that are not commonly modeled. A
set of three tests conducted with basic electronics equipment along with basic
fitting tools in Matlab is used to identify all model parameters for a measured
PV cell. The model is fit to both p-c and m-c Si cells, and shows good match-
ing for both I-V and C-V curves over the desired range. Under illumination,
the I-V curve is well matched and the C-V curve follows accurate trends.
This detailed PV model incorporating reverse-bias characteristics was used
in a simulation study to investigate PV cell behavior during hot spotting.
The hot spot simulation study examined three cells with varying reverse-
biased characteristics to determine their hot spot damage risk. In addition
to the detailed PV model, an electro-thermal PV model was developed to
incorporate temperature dependence of the reverse characteristics. Common
string lengths of 12, 24, and 36 cells are simulated under partial-shading
conditions with both models. Power dissipated through the shaded cell and
the resulting cell temperature are examined at various shading levels. The
non-thermal model is adequate for initial estimates of short string lengths,
but the electro-thermal model is more accurate, particularly for longer string
lengths.
Simulation results show that shorter string lengths result in lower power
dissipation and lower temperatures in the shaded cell. A 36-cell string is
not recommended as very high power dissipation and temperatures can be
reached for all three cell types. The common string length of 24 cells is also
susceptible to hot spotting, particularly when the string is bypassed. If the
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Figure 4.17: Shaded cell temperature for cell A, B, and C for a bypassed
string of 12 (a), 24 (b), and 36 (c) cells.
string is maintained at its MPP, cells with low Rsh are more likely to form hot
spots than those with high Rsh. When the string is bypassed, all three types
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of cells exhibit significant temperature increase and hot spot susceptibility.
If bypass diodes are used, a string length of 12 cells or fewer is recom-
mended. However, it does not necessarily prevent the risk of hot spot dam-
age. The next chapter discusses how to detect hot spotting in order to initiate
a true hot spot prevention method.
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CHAPTER 5
HOT SPOT DETECTION
In Chapters 2 and 3, hot spotting and the damage it can cause were ex-
plained and explored. A detailed PV model was described in Chapter 4 that
includes reverse and dynamic characteristics. This chapter builds upon these
concepts and explores how hot spotting can be detected by understanding
how a PV cell’s characteristics change at various operating points. Specifi-
cally, the parallel capacitance and parallel resistance of the small-signal ac
PV model change at various operating points. In a string of PV cells, when
one cell is reverse-biased while the other cells are forward biased, the parallel
capacitance and resistance of the string undergo a distinct change. Measur-
ing these attributes of the PV string can be used to detect when a cell in the
string is hot spotting.
This hot spot detection concept can be used for detection at a panel sub-
string level. The detection method works during normal operation and allows
for detailed diagnostics and monitoring within each substring. The goal is
to be able to detect hot spotting and potentially other faults. Then, the
system can react intelligently to mitigate the problem. The inclusion of this
detection functionally in PV systems has the potential to increase lifetime
performance by detecting and mitigating hot spotting or other problems
before they damage the system. This chapter described the basic concept
behind hot spot detection using ac measurements, some potential detection
methods, and the initial implementation method. Portions of this chapter
have been published in [69].
5.1 Literature Review
A few hot spot detection methods have been proposed previously. Authors in
[70] suggest sensor monitoring at the cell level in order to detect hot spotting
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in individual cells. However, this approach integrates numerous sensors into
the PV panel, which has high cost. Another hot spot detection method is
proposed in [71], which monitors the operating point of the PV panels and
sends the data to a remote server that analyzes data from an entire instal-
lation to monitor the health of the system and potentially identify hot spots
in the system. This approach may be able to detect hot spots that have
already begun to degrade the system, but not detect them as they occur.
Due to this latency in detecting hot spot damage, immediate action to pre-
vent hot spotting cannot be taken. This data-processing detection method
also has network and processing cost that currently limit its implementation.
In addition, a model-based hot spot suppression algorithm was developed in
[72], but requires calibration and higher processing requirements than typi-
cal PV MPPT controllers. In general, model-based controllers have not been
widely adopted in PV systems. One of the most straightforward approaches
was proposed in [73], which utilizes two voltage measurements over the same
number of PV cells in each subpanel string. Hot spotting is detected when
the voltage of one string is significantly lower than the other. This tech-
nique requires the addition of two sensors into each subpanel PV string. PV
manufacturers have not adopted techniques that require the integration of
sensors or electronics into the panel itself. A hot spot detection algorithm
that will be readily adopted by the PV industry must be able to detect hot
spotting without any modifications to the PV panel. The hot spot detection
algorithm proposed in this chapter meets this crucial requirement.
5.2 Hot Spot Detection Concept
Recall that in the typical hot spotting scenario, a cell becomes reversed
biased while the other cells in the string are forward biased. An example
illustration is shown in Fig. 5.1 where PV3 is shaded and hot spotting as a
result. Notice that the hot spotting PV is operating at a negative voltage and
the illuminated cells are operating at a positive voltage slightly higher than
their MPP voltage. These operating points affect both the ac small-signal
parallel capacitance and parallel resistance of each PV cell. A simplified
model is shown in Fig. 5.2 with parallel capacitance (Cp), parallel resistance
(Rp), and series resistance (Rs); inductance is omitted in this model because
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it generally has negligible effect over the target frequency range. Recall
that Rs is static while the parallel components change value with the PV
operating point. The effect of hot spotting on each parallel component is
explored separately in the next sections.
MPP
PV1
I
V
I
V
I
V
MPP MPP I string
I string+
_
PV2 PV3
high parallel capacitance low parallel capacitance
Figure 5.1: Partially shaded string of PV cells showing reverse voltage bias
of the shaded cell, PV3.
Cp
Rp
Rs +
_
ipv
vpv
+
_
vp
Figure 5.2: Simplified ac small-signal PV model.
5.2.1 Parallel Capacitance Under Hot Spotting
PV cell parallel capacitance is not static, but depends cell voltage bias, illu-
mination, and temperature [64, 54]. Voltage has a significant effect on the
parallel capacitance; higher voltage results in larger capacitance and lower
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voltage generally results in decreased capacitance. As a reference, the non-
linear relation of voltage bias on parallel capacitance is shown in Fig. 4.3.
Generally, increasing illumination increases capacitance and increasing tem-
perature also increases capacitance [54, 65]. Fig. 5.3 illustrates capacitance
trends over cell voltage bias and the effect of temperature on capacitance
characteristics at -75◦C to 75◦C; this representation was extrapolated from
results of a single Si PV cell in [54]. The effect of voltage bias on capacitance
dominates the trends during hot spotting. As indicated in Fig. 5.1, reverse-
biased PV3 has a lower parallel capacitance than forward-biased PV1 and
PV2. Thus, when a PV string is operating normally, with all cells near MPP,
and one cell becomes partially shaded, the capacitance of the shaded cell will
decrease and the remaining cell capacitances will increase. The PV cells are
connected in series, so the overall string capacitance Cstr is
Cstr =
1
1
Chs
+
∑n−1
i=1
1
Ci
(5.1)
where n is the number of cells in the string, Chs is the capacitance of the
hot spotting cell, and Ci is the capacitance of a normal PV cell in the string.
When the string is under normal operation and then external mismatch (such
as partial shading) causes a cell to begin hot spotting, a distinct change in
the parallel capacitance will be observed. The direction and magnitude of the
change depend on the typical cell capacitance and the length of the string.
Experimental results show that the parallel capacitance tends to increase for
typical string lengths of p-c and m-c Si PV cells.
5.2.2 Parallel Resistance Under Hot Spotting
The parallel resistance also changes with the temperature, illumination, and
PV’s operating point. As temperature increases, resistance decreases due to
a higher number of free carriers. Similarly, increasing illumination also lowers
resistance [54, 65]. An intuitive way to understand how parallel resistance
changes with the operating point is to look at the dc impedance, which is
the sum of series and parallel resistance, Rs + Rp. The dc impedance can
be determined from the slope of the I-V curve at the operating point. The
dc impedance, Z, is the negative change in voltage divided by the change
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Figure 5.3: PV cell parallel capacitance versus cell voltage at two
temperatures.
in current as a result of a small perturbation, which is related to the slope
of the I-V curve. An example PV I-V curve illustrating the dc impedance
at various operating points is shown in Fig. 5.4. In regions where the slope
is steep (reverse breakdown and above the MPP voltage), Z is small; in the
middle horizontal region, Z values are large. This method for determining
the parallel resistance applies to a single cell or a string of PV cells. During
hot spotting, the operating point of the a PV string tends to move from
a steeper region of the curve to a flatter region such that the overall dc
impedance and, in turn, Rp, tends to increase.
5.2.3 Hot Spotting Observed in a Bode Plot
When hot spotting occurs, change in the parallel capacitance and resistance
are expected. Frequency analysis of PV cells allows each of the three equiv-
alent circuit parameters to be determined almost independently. At low
frequencies, the resistance value dominates and the impedance magnitude is
equal to Rs +Rp. At high frequencies, Cp becomes an effective short and Rs
can be measured. At mid-range frequencies, Cp can be calculated using (4.14)
with the known Rs and Rp values. These changes can be directly observed
in a Bode plot of the ac small-signal PV model, which is shown in Fig. 5.5.
The magnitude plot is shown in Fig. 5.5(a), which indicates how the curve
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Figure 5.4: PV cell I-V curve illustrating the dc impedance (Z) based on
the slope of the curve.
shifts with the Rp and Cp values. Resistance changes are visualized as the
resistive magnitude regions moving up or down directly with the resistance
change. Capacitance changes are visualized as the capacitive magnitude re-
gion shifting left and right: left for Cp increase and right for Cp decrease.
Fig. 5.5(b) shows the phase of the bode plot. The phase dips toward -90◦ in
the frequency region where Cp dominates. This valley in the phase generally
shifts left (increasing Cp) and right (decreasing Cp) with capacitance. These
basic trends must be understood to analyze how the ac characteristics and
Bode plot of a PV string change from normal MPP operation to hot spotting.
5.2.4 Experimental Setup
Experiments were conducted on a series string of 18 Si cells that are part of a
prototype PV panel. To access a single cell, panel encapsulant material was
cut away and separate wires were connected at both cell terminals. Halogen
lights acted as the illumination source and are powered by a dc source to
avoid ripple at the grid frequency. The Tenmars TM-207 solar power meter
was used to measure light intensity at the panel surface. Temperature was
measured at the back surface of the panel using the Minolta HT-11 spot
thermometer. The Zahner Elecktrik IM6ex impedance spectrum analyzer
was used to take impedance measurements; tests utilized the potentiostat
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Figure 5.5: Impedance magnitude (a) and phase (b) Bode plot showing how
the curves change with the ac parameter values.
function. The spectrum analyzer takes impedance measurements while sink-
ing or sourcing current up to ±10 V and ±2 A. Data was acquired using the
Thales software provided by Zahner Elecktrik.
5.2.5 Experimental Results: Single PV Cell AC Parameters
A single PV cell was tested under dark conditions (no direct light) and un-
der 1000 W/m2 illumination over a range of -2.1 V to 0.53 V. Tests were
run after the module temperature stabilized at 30◦C under dark and 50◦C
under illuminated conditions. Impedance plots for the cell under dark and
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illuminated conditions are shown in Fig. 5.6. For both lighting conditions,
as voltage increases, low frequency impedance decreases, indicating a resis-
tance decrease; the sloped region moves to the left, indicating a capacitance
increase. As frequencies increase above 100 kHz, phase flips from -90◦ to-
ward +90◦ indicating that the line inductance begins to dominate; resistance
and capacitance values were not measurable above this resonant frequency.
The resistance and capacitance values calculated from the data are shown in
Table 5.1.
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Figure 5.6: Impedance plots for a PV cell at various voltage biases under
dark (a) and illuminated conditions (b).
Table 5.1: Calculated PV Cell Resistance and Capacitance Values
Voltage (V)
Rs +Rp (Ω) Cp (µF)
Dark Illum. Dark Illum.
-2.10 58.2 52.2 3.24 3.30
0.0 (ISC) 59.7 43.1 6.31 6.71
0.40 (MPP) 1.81 0.253 10.2 306
0.53 (VOC) 0.104 0.0472 - -
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These plots and measurements verify two findings from previous literature
[64, 54]: 1) as illumination and resulting temperature increase, resistance
decreases and capacitance increases and 2) as positive voltage bias increases,
resistance decreases and capacitance increases. Note that changing the volt-
age bias tends to have a larger effect on the resistance and capacitance values
than changing the illumination. The exception is at the 0.4 V MPP, where
there is a significant jump in capacitance between dark and illuminated con-
ditions; this is attributed to the increased temperature, which increases the
capacitance for the same voltage. When temperature remains relatively con-
stant, voltage bias has the biggest effect on the resistance and capacitance
values.
5.2.6 Experimental Results: Series String AC Parameters
A 18-cell string of the same PV cells were tested under 1000 W/m2 illumi-
nation with no shading and then with one cell shaded by an opaque sheet.
Tests were run after the module temperature stabilized at approximately
47◦C. Impedance plots under both conditions are shown in Fig. 5.7 and the
calculated resistance and capacitance values are summarized in Table 5.2.
The unshaded case, shown in Fig. 5.7(a), is an extension of the single cell’s
characteristics, so it shows the same trends: as voltage increases, resistance
decreases and capacitance increases. Once the string is partially shaded, as
shown in Fig. 5.7(b), the change in the impedance characteristics depends
on the imposed voltage.
Table 5.2: Calculated PV Cell String Resistance and Capacitance Values
Voltage (V)
Rs +Rp (Ω) Cp (µF)
Unshaded Shaded Unshaded Shaded
0.0 (ISC) 40.3 23.4 1.126 1.86
8.2 (MPP) 8.81 63.9 4.72 5.48
9.2 (VOC) 0.583 0.787 - 634
If the voltage is maintained at 0 V (short circuit), partial shading causes
the resistance to decrease while the capacitance increases. In this experiment,
the shaded cell had a negative bias of -8.5 V. Since the string voltage is 0 V,
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Figure 5.7: Impedance plots for an unshaded PV string.
the remaining 17 cell voltages must sum to 8.5 V (0.5 V for each cell). The
positively-biased unshaded cells’ equivalent resistance decreases, while the
shaded cell’s resistance stays relatively constant; overall, string equivalent
resistance decreases. For the capacitance value, the shaded cell decreases
slightly in capacitance due to the negative voltage bias, while the positively-
biased unshaded cells increase in capacitance, resulting in an overall string
capacitance increase.
If the voltage is maintained at the unshaded string’s MPP of 8.2 V, par-
tial shading results in a significant resistance increase and clear capacitance
increase. In the experiment, the shaded cell becomes negatively biased at
-0.46 V, such that the remaining 17 cells increase in voltage bias (from 0.46
V to 0.51 V). The shaded cell becomes reversed biased and its resistance
significantly increases, while the unshaded cells’ resistance slightly decreases.
Overall, the string’s equivalent resistance increases. The shaded cell’s capac-
itance decreases slightly, while unshaded cells’ capacitance increases. The
17 unshaded cells dominate and the overall string capacitance increases. If
the voltage is maintained at the unshaded MPP voltage, shading and hot
spotting a cell results in a clear resistance increase and capacitance increase.
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If the open circuit voltage of 9.2 V is held constant, shading a cell results
in a slight resistance increase; the capacitance value cannot be calculated
because the wire inductance begins to dominate as frequency increases before
the capacitance characteristic is observable. When the cell is shaded its
voltage decreases slightly (from 0.51 V to 0.44 V), but remains positive. The
shaded cell resistance increases and the unshaded cells’ resistance decreases
slightly; the overall string resistance increases, but only by 0.2 Ω. Based
on theory, we expect the capacitance in the shaded cell to decrease slightly
and the unshaded cells to increase such that the overall string capacitance
increases.
5.2.7 Hot Spotting Detection Under MPPT
During normal operation, a power converter that employs an MPPT algo-
rithm controls the PV string. Some algorithms find the new MPP quickly
and other simpler algorithms, such as fractional open-circuit voltage con-
trol, maintain a relatively constant voltage throughout operation [74]. The
shaded string experimental results have already shown that there is a clear
increase in resistance and capacitance when a constant voltage type control
is implemented near the unshaded MPP. The Bode plot for unshaded and
shaded string held at the MPP voltage of 8.2 V is reshown in Fig. 5.8 for
clarity.
Next, we consider MPPT controls that quickly adjust to find the new
MPP, which are typically maximum-seeking algorithms. One drawback of
maximum-seeking algorithms is that they can sometimes operate at a local
minimum rather than the true maximum [74]. In the conducted experiment,
the partially shaded string had a true MPP at 8.70 V and a local maximum
at 8.05 V. Impedance measurements are taken at both local maxima points
and compared to the unshaded string measurement, as shown in Fig. 5.9.
At both maxima points, there is a significant increase in resistance and a
clear capacitance increase compared to the unshaded string. The capacitance
change is best measured at a frequency between 10 kHz and 70 kHz for this
string.
Under either MPPT control algorithm, partial shading results in a clear re-
sistance increase and capacitance increase. The resistance increase indicates
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Figure 5.8: Bode plot of PV string impedance before and after partial
shading.
that the operating point of the string has a less steep slope on the I-V curve.
While this is usually the case, it is possible that the string could operate at
a point with a steeper slope such that the parallel resistance decreases. For
example, this may occur if the shaded cell operates in the steep reverse break-
down region. However, with typical MPPT algorithms a resistance increase
is more common. Parallel capacitance is expected to consistently increase
when partially shaded. These trends can be used during operation to detect
hot spotting in a PV string.
5.2.8 Findings
Partial shading in PV strings causes the shaded cells to become reversed
biased, resulting in hot spotting. Ac resistive (Rs and Rp) and capacitive
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Figure 5.9: String impedance plots of the unshaded cell MPP and the
partially shaded string at the new MPP and a local maximum.
(Cp) values were characterized for a single Si PV cell under dark and light
conditions. Experimental results showed that changing voltage bias has a
larger effect on the resistance and capacitance values than illumination or
temperature. Ac parameters were also characterized for a PV string under
full illumination and with one cell shaded. Results showed that partial shad-
ing caused string capacitance to increase and resistance to increase. These
trends are consistent when the string was under constant voltage and MPPT
control. When partial shading occurs, a string capacitance increase is a clear
indicator. The experiments in this paper showed that the resistance tends to
increase when partial shading occurs.
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5.3 Hot Spot Detection Methods
Now that it is established that monitoring the string parallel capacitance
and resistance can indicate hot spotting, the next step is to develop an ex-
plicit detection method. The method must be able to monitor these two
values accurately enough to detect a change due to hot spotting. The sen-
sors and hardware must be able to be integrated into a dc-dc converter and
the processing requirements must be implementable on a microprocessor or
digital signal processor (DSP). Two detection approaches are explored in
this section: a mathematical approach using parameter estimation and a
frequency-based impedance measurement approach. Both will be described,
discussed, and evaluated for potential implementation.
5.3.1 Parameter Estimation
Parameter estimation allows the string parallel resistance and capacitance
to be constantly measured constantly while the dc-dc converter controlling
the PV string operates normally. Two parameter estimation approaches are
considered: observer-based and least-squares. Both methods are discussed,
simulated, and evaluated for feasibility.
In most systems, a PV string is controlled by a dc-dc converter, which is
commonly a buck or boost converter [75]. This converter imposes a small
ripple onto the PV. This ripple is a key aspect for measuring the PV ac pa-
rameters. Around the steady-state operating point, the cell can be modeled
as the simplified small-signal model, shown in Fig. 5.2. This model is the
basis for the mathematical model used to develop the parameter estimation
methods.
Let parallel capacitor voltage be vp and the PV current be ipv. The gov-
erning equation for the capacitor voltage is
v˙p =
−1
RpCp
vp +
−1
Cp
ipv (5.2)
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which is used as the system equation. Denote x = vp and let
a =
1
RpCp
(5.3)
b =
1
Cp
(5.4)
Then, the system equation becomes
x˙ = −ax− bipv (5.5)
This is used to develop both the observer and least-squares parameter esti-
mation algorithms for Rp and Cp.
5.3.2 Observer Approach
A Lyapunov-based observer is designed to estimate the capacitor voltage
(vp) inside the PV cell, which is not directly measurable. Tuning laws are
implemented to estimate the PV parameters, which vary with the operating
point. The exact parameter values are guaranteed to converge for a given
operating point. After the parameters converge, the tuning laws are turned
off and a Luenberger observer is used for vp. After a change in the PV string,
the Luenberger observer outputs a non-zero value, indicating a change in
state from the previous operating point.
The estimate of vp is xˆ, and the estimates of a and b are aˆ and bˆ, respec-
tively. The estimator equation for xˆ is
˙ˆx = −am(xˆ− x)− aˆx− bˆipv (5.6)
where am > 0. We define e := xˆ−x. Consider the control Lyapunov function
V˙ (e, aˆ, bˆ) =
1
2
(
e2 +
(aˆ− a)2
γ1
+
(bˆ− b)2
γ2
)
(5.7)
where γ1 and γ2 are positive. Then, using Lyapunov-based design, we derive
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tuning laws for the estimates aˆ and bˆ as
˙ˆa = γ1xe (5.8)
˙ˆ
b = γ2ipve (5.9)
Selecting larger γ1 and γ2 achieves faster convergence.
The observer method was implemented and tested in PLECS. Fig. 5.10
shows the error signal e converge to 0, and aˆ and bˆ converge to their actual
values. Once parameters have converged, we turn off tuning laws and run
the following Luenberger observer for vp:
˙ˆx = −a¯xˆ− b¯ipv + L(x− xˆ) (5.10)
where a¯ and b¯ are estimates for a and b, respectively, after the tuners are
turned off. A change in Rp or Cp results in the parameters a and b to move
away from a¯ and b¯, respectively. As a result, the Luenberger observer will
generate a non-zero error signal e. In the simulation results, shown in Fig.
5.10, the PV hot spots at time t = 0.15 s such that parameters a and b
diverge from the estimates and the error signal e grows away from zero. The
Luenberger observer is able to detect hot spotting. However, normal changes
in illumination, temperature and operating point may also result in minor
parameter changes and cause the observer to give a non-zero output.
This method is effective for determining when a change in either parameter
occurs, but not for measuring the magnitude of the change in each parameter,
as illumination levels and temperature frequently shift. Another drawback of
this approach is that the observer design is relatively complicated and must
be adjusted for each system. The least-squares approach is also considered
because it is easier to design and implement.
5.3.3 Least-Squares Approach
The least-squares approach is also considered for Rp and Cp parameter es-
timation. Using the vp state equation (5.5), take ipv as an oscillatory input
signal, u. The fact that the model is linear simplifies the estimation prob-
lem. Based on parameter estimation theory, the least-squares method will
give accurate estimation of the parameters a and b, and, in turn, Rp and Cp.
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Figure 5.10: Residual generator response showing the error and estimates aˆ
and bˆ.
Parameter estimates are updated at every instance such that the estimated
output of the system x˙ is driven closer to the measured one in the sense of
least squares. In order to realize this, the state space model in (5.5) is put into
linear parametric form. To avoid noise disturbance, we also use a 1st-order
stable filter 1
Λ(s)
such that the filtered variable is
z(t) = θT (t)φ(t) (5.11)
where z = s
Λ(s)
x, parameter vector is θ = (b, a)T , regressor vector is φ =
1
Λ(s)
(u,−x)T and Λ(s) = s + λ. The chosen parameter λ must be much less
than switching frequency of the converter to avoid switching noise.
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The linear parameterization can be graphically represented as a set of
points in the (z, φ) plane, as shown in Fig. 5.11. The least-squares method is
used to find the line that best fits the data points by finding its slope θ. The
slope is found by minimizing the sum of the squared distances between data
points and the best-fit line. Thus, the objective is to minimize an integral
error cost
J(θˆ) =
1
2
∫ t
0
(θˆT (t)φ(s)− z(s))2ds (5.12)
The continuous-time recursive least-squares algorithm [76, 77] with respect
to the cost given in (5.12) is
˙ˆ
θ = −Peφ (5.13)
P˙ = −PφφTP (5.14)
P (0) = Q0 = Q
T
0 > 0 (5.15)
Figure 5.11: Graphical interpretation of the least-squares method.
If the input signal ipv is measured accurately enough, both parameters are
correctly estimated, i.e., the estimator obtains enough information from the
output ripple to ensure convergence of the parameters to their actual values.
The concept of persistent excitation [76, 77] implies that if the input is a
sufficiently rich signal, then the estimated parameters will converge to the
real values [77]. The oscillatory ripple signal that is imposed on the PV by
the converter during normal operation must act as the rich input signal for
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accurate parameter estimation.
The least-squares parameter estimation algorithm is implemented in PLECS
and Matlab Simulink on a modeled PV string. When vp and ip are read di-
rectly, the error signal converges to zero and both parameters converge to
the correct values, as shown in Fig. 5.12. The least-squares approach is ac-
curate when the internal voltage vp is a readable signal. However, vp is an
internal state that cannot be measured directly; PV voltage vpv is the only
measurable voltage.
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Figure 5.12: Simulation results for the error, Cp, and Rp using the
least-squares parameter estimation method.
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Realistic Measurements
The difference between vp and vpv is determined by Rs (Ls is negligible at
most converter switching frequencies). Rs tends to be small such that vp and
vpv are similar values. Initially, it is assumed that vp ≈ vpv and signals vpv
and ipv are fed into the least-squares parameter estimator; results are also
shown in Fig. 5.12. The error signal converges to zero and the Rp estimate is
near-accurate, but the Cp estimate is highly inaccurate. The real value is 9.1
µF and the estimate is 2.0 µF—a significant error of -79%. This shows that
the Rs value cannot be completely ignored and its value must be estimated
to determine vp.
Let the parallel voltage equivalent v∗p be represented as
v∗p = vpv − ipvRs (5.16)
The Rs value must be found a priori to accurately estimate vp. Accurate
estimation of vp results in accurate estimation of the parameters Cp and Rp,
which is the ideal situation. At minimum, the detection algorithm must be
able to detect significant changes in the parameters when the PV shifts from
normal operation to hot spotting. Even if the estimation does not give the
true value, a change in Cp or Rs must result in a proportional change in the
estimate to accurately detect a hot spot condition.
Measuring Rs may not be completely accurate because it tends to be a
small value that is difficult to measure precisely. Also, Rs may vary with
temperature. The required accuracy of Rs is explored through simulation. A
set of simulations were conducted where vp was estimated using (5.16) with
in Rs value at various accuracies, ranging from -75% error to 50% error. The
least-squares estimator was allowed to converge and, then, a hot spot was
induced such that Rp and Cp both change and the estimator converges to
new estimate values. The term proportionality factor is the estimated value
divided by the real value. A proportionality factor of 1 means the change is
exactly proportional and negative means the estimate changes in the opposite
direction of the real value change. Table 5.3 outlines the effect of the Rs
measurement error on the parameter estimate errors and the proportionality
factor of the change. To stay within 50% parameter error and greater than
0.5 proportionality factor, Rs error should not exceed ±25%.
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Table 5.3: Least-Squares Parameter Estimation Performance Based on Rs
Error
Rs Cp Cp Rp Rp
error error Prop. Fac. error Prop. Fac.
-75% -65.1% -0.04 36.5% 0.55
-50% -52.6% 0.24 20.7% 0.68
-25% -33.0% 0.59 7.2% 0.84
0% -0.9% 0.99 -1.5% 1.01
25% 49.5% 1.38 -3.5% 0.93
50% 105.1% 1.50 110.3% -0.58
Input Ripple Signal
The input current signal into the PV depends on the dc-dc converter input
filtering characteristics. If there is significant filtering, the signal may be
more sinusoidal; if there is little filtering, the signal may be more triangular
in nature. To ensure that both waveform types are adequately rich signals,
a sine and triangle wave at 50 kHz are used as inputs in the simulation (it is
assumed that Rs is known accurately). The convergence results are shown
in Fig. 5.13. Although the triangle wave takes slightly longer to converge to
the correct values, the difference is minor. This shows that both signals are
sufficiently rich for accurate parameter estimation.
Sampling
The least-squares method requires a relatively high sampling rate to converge
to accurate estimates. It was noticed in simulation that if the step-size
was too large, the parameters converged to a value offset from the real one.
In implementation, high-frequency analog-to-digital converters (ADCs) will
likely be required to measure both the vpv and ipv signals. High-frequency
ADCs are more expensive, and the high sampling rate uses more processing
power and may require a more expensive processor.
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Figure 5.13: Estimation of Cp and Rp with sine and triangle wave input.
5.3.4 Parameter Estimation Summary
Estimators for PV parameters Rp and Cp are developed using an observer-
based and least-squares approach. The observer parameter estimator easily
detects parameter value changes, but the hot spot condition is not easily
distinguished from changes in illumination or temperature. The least-squares
approach also effectively estimates parameters and is easier to design, but
one challenge is that vp must be properly estimated. If the Rs measurement
has less than ±25% error, the estimates should be within 50% accuracy
and proportional to the real values. Least-squares estimation is effective
for both sine and triangle wave inputs, such that it will work with most
converter input filters. The higher cost of high-frequency ADCs and heavier
computation requirements of these parameter estimation techniques may be
an implementation challenge.
5.3.5 Frequency-Based Impedance Measurement Approach
Another hot spot detection approach is to measure ac impedance of the PV
string over a range of frequencies during operation to determine the Rp and
Cp values. The basic idea is to periodically sweep a number of frequency
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values to measure the Rp and Cp values and monitor any major changes
in their value. There are two main considerations when implementing this
approach.
The first consideration is whether both magnitude and phase measure-
ments are needed to accurately detect the impedance change. Measuring
both magnitude and phase requires more time and computing power. Both
impedance calculation time and power should be minimized to make the so-
lution more viable. Based on the findings in Section 5.2, measuring only
magnitude should be sufficient to detect the PV impedance change that oc-
curs during a hot spot conditions. For the initial method, only impedance
magnitude will be measured to reduce computing requirements.
The second consideration is the number and range of frequency measure-
ments. Many measurements over a wide sweep of frequencies help visualize
the Bode plot, but also require more time and processing power. A smaller set
of frequency measurements may be sufficient to detect the expected change.
In the next section, two frequency measurements are considered—one to
measure each parallel component. However, a wider sweep of more than two
points may help draw the overall trends more clearly.
5.3.6 Hot Spot Detection Using Two Frequency
Measurements
The ability to detect the partial shading condition using only two frequency
measurements is investigated. A low frequency below 100 Hz can be used
to detect the equivalent resistive (Rs + Rp) value of the string. A higher
frequency of 10-70 kHz can be used to detect the equivalent capacitance of
the tested PV string. The ability to detect the resistance and capacitance
values with an impedance measurement at one low and one high frequency
of 50 Hz and 50 kHz, respectively, is investigated.
In this experiment, a string of 24 m-c Si cells were strung in series to rep-
resent a typical substring within a panel. At each frequency, the impedance
value was measured over the operating voltage range. An automated test
was designed using the HP 33120A function generator to create the ac sig-
nal, Keithley 2420 to create dc offset, and Tektronix MSO4034 oscilloscope
to measure and record the output signals. The illumination was 500 W/m2.
83
Resistance Measurement at 50 Hz
The string’s I-V curve is shown in Fig. 5.14(a) and the 50 Hz impedance
measurements are shown in Fig. 5.14(b) for the unshaded and shaded cases.
The MPP for each case is marked with a star. The impedance value correlates
well with the slope of the I-V curve. If either an MPPT or constant voltage
control is implemented, there is a clear increase in the equivalent resistance
when the cell becomes partially shaded, which is consistent with the earlier
experimental results. If the string operates at any voltage lower than the
MPP voltage, an impedance increase will be observed for this string. If the
shaded cell has severe reverse-breakdown characteristics, the impedance value
could stay the same or decrease. Understanding the reverse characteristics
of the individual cells can inform the expected equivalent resistance change
during partial shading.
Capacitance Measurement at 50 kHz
The more telling indication of partial shading is the high-frequency impedance
measurement, which is linked to capacitance. The string’s 50 kHz impedance
measurement is shown in Fig. 5.15(a) along with the calculated capacitance
value in Fig. 5.15(b) for the unshaded and shaded conditions. Again, the
MPP of each condition is marked with a star. There is a clear impedance de-
crease (capacitance increase) for voltages at and below the MPP. Capacitance
increase is a consistent indicator of a hot spotting PV string.
Resistance Estimation from I-V Characteristics
The slope of the I-V curve at the operating point is equivalent to the dc
impedance value (Rs + Rp). Some MPPT algorithms, such as perturb and
observe (P&O), continue to take small steps above and below the MPP under
steady-state operation. The dc resistance at the operating point can be
estimated from the measured I-V points around the MPP. This concept was
tested on the PV string under unshaded and shaded conditions, as shown
in Fig. 5.16. The dc resistance values were measured and compared to the
value estimated from the I-V curve. At each operating point, the current and
voltage were measured above and below the point by a small voltage step:
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Figure 5.14: I-V curve measurements (a) and impedance at 50 Hz (b) for a
24-cell string unshaded at 500 W/m2 and then with one cell shaded.
0.05 V for the points near and above the MPP and 0.1 V for lower voltage
points. The impedance value is calculated from the linear slope from those
two points. Table 5.4 compares the measured and estimated dc resistance
value for both the unshaded and partially shaded string conditions. The
overall error magnitude ranges from 1% to 34%; error magnitude tends to
be lower for lower resistance values and higher for higher resistance values.
Higher resolution of the current measurement should decrease this error.
These results confirm that a control method that enables the measurement
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Figure 5.15: Impedance measurements at 50 kHz (a) and calculated
capacitance (b) for a 24-cell string unshaded at 500 W/m2 and then with
one cell shaded.
of the I-V characteristics around the operating point can fairly accurately
estimate the dc resistance, particularly at or above the MPP.
Impedance Measurement Summary
The capacitance and resistance values can be estimated fairly well using only
two frequency measurements. A signal at 50 Hz measured the impedance to
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Figure 5.16: Unshaded and shaded solar cell string I-V characteristics.
Table 5.4: Dc Resistance Estimates and Measurements for a Partially
Shaded Solar Cell String
String Voltage Rs +Rp I-V Curve Error
Condition (V) Meas. (Ω) Estimate (Ω) (%)
Unshaded
9.2 0.566 0.573 1
8.2 8.79 8.13 -8
0 40.3 26.7 -34
Shaded (1 cell)
9.2 0.769 0.812 5
8.7 56.8 47.6 -16
8.2 63.8 69.0 8
8.1 63.5 45.5 -28
0 23.3 25.4 9
determine Rp, and a signal at 50 kHz was used to determine Cp. These
frequency values may have to be adjusted for different string lengths and PV
cell types. If a P&O MPPT algorithm is used, the 50 Hz measurement can
be replaced with I-V measurements around the operating point to determine
Rp. This seems to be a fairly effective method to measure the PV string
parameter values without heavy computational and hardware requirements.
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5.3.7 Hot Spot Detection Method Discussion
We have discussed both parameter estimation and impedance measurement
approaches to detect hot spotting. The parameter estimation methods are
most effective when the internal vp is measurable. However, this is an internal
variable so it must be estimated using an observer or calculation based on the
cellRs value. For this method to work the PV string voltage and current must
be sampled using a high-frequency ADC and use a more powerful processor.
Impedance measurements are also able to calculate the PV string parameter
values, potentially, using only two or one frequency measurement. It does
not require a high-frequency ADC and its computational requirements are
lower than the parameter estimation method. The impedance measurement
approach can accurately detect hot spotting with low hardware and compu-
tational requirements. Parameter estimation methods show promise for hot
spotting detection, but their implementation requirements are higher than
the impedance measurement approach. Going forward, implementation for
the impedance measurement method is discussed. The parameter estimation
approach has merit and could be explored as an additional project, but will
not be further explored here.
5.4 Hot Spot Detection Implementation
Hot spot detection functionality will be integrated into a dc-dc converter that
controls the PV string. A dc-dc converter is designed to control a subpanel
PV string and implement impedance-measurement-based hot spot detection.
Sensors for the PV voltage and current are needed to measure the string
impedance; these sensors are typically used for MPPT control, so they are
already a part of the dc-dc converter. The control loop and digital controller
code for the dc-dc converter must also be developed.
5.4.1 DC-DC Converter Design
The dc-dc converter design must measure the impedance change of a PV
string while implementing MPPT and minimizing 1) additional hardware,
2) calculation time, and 3) computational power. The initial prototype is
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designed as a converter whose input connects to the PV string and a DSP
is used as the controller. Discussion about input and output specifications,
converter topology, sensor requirements, and controller are detailed in this
section.
Input Specifications
The convert is designed to connect to a subpanel string that may range from
12 to 36 Si cells [24]. Si PV cell MPP voltage can be estimated at 0.5 V
per cell. Thus, the input voltage specification is 6 V to 20 V. PV string
current is proportional to cell area. Many full-size commercial panels are
rated up to 8 A, but the current produced depends on illumination level,
which varies throughout the day. At very low illumination levels, the chance
and severity of hot spotting is low, i.e., hot spot detection is most important
for high current levels. Thus, the input current specification is set to 2 A
to 8 A. Also, in order to measure the impedance of the PV string, an input
capacitor is not used in this design, as it would add addition capacitance to
the measurement.
Output Specifications
Because the input is the primary concern of this design, the main purpose
of the output is to accept the power produced by the PV string and main-
tain a relatively constant voltage. A real implementation of these sub-panel
converters could be connected to an inverter in an individual, cascaded, or
parallel configuration [75]. In any configuration, the converter output is gen-
erally connected to a large dc link capacitance that maintains steady volt-
age. For the purpose of a stand-alone prototype, the output can either be
an electronic load in constant-voltage mode or a resistive load with parallel
capacitance sufficiently large to maintain a low output ripple. For the pro-
totype converter, the maximum output ripple specification is 0.2 V under
normal operation.
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Converter Topology
In order to accurately read the PV string impedance, the dc-dc converter
must be able to generate a controlled oscillatory waveform for either the
current or voltage of the PV. A boost converter has the inductor on the input
side of the converter, which allows for current control at the input. Thus, the
boost converter is chosen for its simplicity and input current controllability.
The basic schematic for the proposed boost convert is shown in Fig. 5.17. The
controlled switch is q1 and the second switch q2 is left as a passive Schottky
diode for simplicity. Efficiency is not a prime concern for the prototype, so
implementing a synchronous converter is unnecessary.
A switching frequency of 250 kHz is chosen based on work done in [78, 79]
that implemented duty ratio dithering for PV string input. Target ripple on
the input current is below 0.5 A, thus an inductance of 33 µH is chosen. An
output capacitance of 100 µF is chosen to maintain a fairly constant output
voltage. The boost converter specifications and chosen component values are
detailed in Table 5.5.
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Figure 5.17: Boost converter schematic for reading PV impedance.
Table 5.5: DC-DC Converter Specifications
Topology Boost
Input voltage 6-20 V
Input current 2-8 A
Input current ripple ≤ 500 mA
Inductor 33 µH
Output voltage ripple ≤ 0.5 V
Output resistor 10 Ω
Output capacitance 100 µF
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Sensor Requirements
In order to measure impedance at the converter input, the voltage and cur-
rent must be accurately measured. Voltage measurement is achieved using a
voltage divider at the input. The sum of the voltage sense resistors must be
significantly higher than the PV parallel resistance, which is generally below
500 Ω. A resistor sum of more than 500 kΩ should be sufficient.
There are a variety of ways to measure current [80, 81]. One of the most
accurate methods is a series sense resistor where an amplifier is used to
measure the resulting voltage drop across the resistor. One drawback is that
this method results in exponential power loss with current. The sense resistor
method is chosen for this design and a small sense resistor of 0.01 Ω is used
to reduce power loss. Both voltage and current sensor inputs are connected
to ADC pins of the controller.
Controller
The controller must be able to generate a controllable pulse-width modula-
tion (PWM) signal to control the converter, quickly and accurately read the
voltage and current measurements, and calculate the impedance value. It
was decided that a DSP is an appropriate controller for the initial prototype.
This application requires one PWM output pin that can operate at a funda-
mental frequency of 250 kHz and two ADC inputs with high resolution. The
TMS320F28335 DSP from Texas Instruments meets these requirements and
was selected as the controller.
5.4.2 Impedance Calculation and Control Strategy
In order to accurately measure the PV impedance, multiple frequencies must
be measured. This is a challenge in dc-dc converters, where the switching
frequency is usually set to one value. Multiple frequencies can be measured
by modulating the duty ratio at the desired frequency such that the average
value is maintained at the desired value for MPPT. The general control
strategy operates as follows.
1. Run MPPT algorithm to determine appropriate duty ratio for MPP
operation.
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2. After a set time interval, initialize the impedance measurement.
3. Take the last duty ratio determined by the MPPT algorithm as the
mean of the perturbation wave.
4. Generate an oscillatory perturbation wave in the duty ratio at the first
frequency value.
5. Measure the PV current and voltage waveforms. Calculate and record
the impedance magnitude according to
Z =
∣∣∣∣∆I∆V
∣∣∣∣ (5.17)
6. Repeat steps 4 and 5 for all frequency values.
7. Based on present and previous impedance measurements, determine if
hot spotting is occurring.
8. Take appropriate action or return to step 1 until the impedance mea-
surement begins again.
In order to implement this control strategy, a number of design choices
must be made, including:
• impedance measurement time interval,
• perturbation waveform shape and magnitude,
• frequency values in the measurement set,
• procedure to calculate impedance,
• hot spotting condition identification procedure,
• appropriate action to take under hot spotting condition.
Here, we investigate the 1) impedance measurement procedure, 2) per-
turbation waveform shape and magnitude, and 3) frequency values in the
measurement set. These three design choices are investigated and deter-
mined based on simulation. The remaining points are left as open questions
for future research.
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5.4.3 PV and Boost Converter Simulation
A simulation was set up in Matlab Simulink using the SimPowerSystem tool-
box. The simulation block diagram for the full system is shown in Fig. 5.18.
The simulation was conducted for 24 cells in series, where one cell in the
string could be shaded. The boost converter utilized components from the
SimPowerSystem toolbox; the components were assumed to be ideal for sim-
plicity. During normal operation, the control loop used proportional-integral
feedback to maintain constant voltage. It was assumed that the MPPT algo-
rithm was fractional open-circuit voltage control, so the desired voltage was
already determined. When the impedance measurement was made, the feed-
back loop was disabled so that the impedance could be properly measured.
The goal of the simulation was to prove that the control and impedance mea-
surement strategy is valid and to determine appropriate control values for a
typical system.
Figure 5.18: Simulink diagram of the PV string, boost converter power
stage, control loop, and impedance measurement.
5.4.4 Impedance Measurement Procedure
First, the impedance measurement procedure must be established. The cur-
rent waveform of the PV string is the same as the inductor current of the
boost converter. The inductor waveform under continuous conduction mode
(CCM) is a well-known triangle waveform, where the mean value represents
the average current value. For the impedance measurement, the average cur-
rent and voltage signal must be measured, i.e., the ripple at the converter
frequency should be filtered out. One approach to measuring the average
signal is to oversample the waveform and calculate the average based on a
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moving window. Then, the maximum and minimum values of the averaged
voltage and current waveforms can be determined and the impedance calcu-
lated based on (5.17). This method is implemented in Matlab Simulink, as
shown in Fig. 5.19.
Figure 5.19: Simulink diagram of the impedance measurement block.
Another method that also measures the average waveform, but without
oversampling, is to measure the current precisely at its mid-point, as de-
scribed in [82]. This method requires only one ADC measurement per switch-
ing cycle, which significantly reduces power consumption compared to over-
sampling. This technique will be implemented and tested in the hardware
prototype.
5.4.5 Perturbation Waveform Shape and Magnitude
The shape of the perturbation waveform also requires some exploration. The
perturbation waveform is added to the last duty ratio value determined by
the MPPT algorithm. Then, the duty ratio value is compared to a saw-
tooth waveform to produce the PWM signal, as shown in the control loop in
Fig. 5.18. Ideally, a pure sine wave is used to measure impedance, but it is
not possible for the dc-dc converter and digital controller to generate a per-
fect sine wave. A square wave is easy for the digital controller to create and
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was used in [64] to measure impedance values for PV cells. A triangle wave
is also relatively easy for the digital controller to generate and will be con-
sidered. The amplitude of the perturbation wave must also be determined.
The calculation will be inaccurate due to noise if the amplitude is too small
or it may cause power loss if it is too large [83].
First the PV model impedance was measured in simulation (without the
boost converter) using a pure sine wave, which is assumed to be the correct
impedance value. Then, the PV string and converter system is simulated
with a sine, square, and triangle wave perturbation signal. Empirically, it
was determined that an amplitude in the duty ratio of 0.05 (0.10 peak-to-
peak) was appropriate for the impedance measurement in this system. These
three perturbation waveform shapes were compared over a range of 100 Hz
to 100 kHz in simulation and results are shown in Fig. 5.20. As shown, all
three waveforms follow the general shape of the impedance curve, but with
some error. The total error for each waveform was calculated as 4.7% for the
sine wave, 5.6% for the square wave, and 4.1% for the triangle wave. Thus,
the triangle wave was chosen as the perturbation waveform shape used to
measure impedance.
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Figure 5.20: Impedance magnitude measured for the PV model and boost
converter, comparing perturbation waveform shapes.
5.4.6 Hot Spot Condition Simulation
Using the triangle wave as the perturbation waveform, a simulation was con-
ducted to compare the PV string of 24 cells when it is unshaded (all at 1000
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W/m2) and partially shaded (one cell at 200 W/m2). First, the PV model
was measured with a pure sine wave and then it was measured again with
the boost converter. The results are shown in Fig. 5.21 with boost converter
measurements ranging from 50 Hz to 50 kHz. The converter measurements
follow the shape of the impedance magnitude; enough to determine that there
is a distinct change between the shaded and unshaded case. These simula-
tion results indicate that the proposed control and impedance measurement
method can measure the impedance of a PV string accurately enough such
that a clear change in parallel resistance and parallel capacitance is detected.
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Figure 5.21: Impedance magnitude measured for the unshaded and
partially shaded case.
5.4.7 Frequency Values
The frequency values used to measure the impedance must span the low-
frequency and mid-frequency range in order to measure the parallel resistance
and parallel capacitance range. The experiment described in Section 5.3.6
uses measurements at 50 Hz and 50 kHz to detect hot spotting. Based on the
simulation results, these frequencies (or frequencies in a similar range) should
be sufficient to accurately measure the parallel resistance and capacitance
values when the string is under both normal and hot spotting conditions.
Additional frequency measurements can be added if the two measurements
are found to be insufficient.
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5.4.8 Hardware
Next, the hardware for the boost converter is designed and the controller
is chosen. The TMS320F28335 Experimenter Kit is used to program the
DSP used as the controller. The power stage, sensors, and drivers are im-
plemented on a separate board. Required signals are connected between the
two boards. The schematic for the boost converter, sensors, and drivers is
shown in Fig. 5.22 and the board front and back are shown in Fig. 5.23(a)
and Fig. 5.23(b), respectively. The converter has been fully designed but
still needs to be built, programmed, and tested on a subpanel PV string to
fully validate the design. Due to the time constraints of this project, the
validation and testing is left as future work.
Figure 5.22: Schematic for the power stage of the boost converter hardware
prototype.
5.5 Conclusion
This chapter has described a concept to detect hot spotting using measure-
ments of the PV string’s ac small-signal characteristics. Experimental results
have shown that hot spotting conditions can be detected based on a distinct
change in the PV parallel resistance and capacitance when the string is un-
der MPPT. Based on this concept, a number of potential hot spot detection
algorithms were explored. Parameter estimations were investigated but it
was found that impedance measurements at key frequency values have more
promise for a low-cost solutions. Thus, an impedance-measurement-based
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(a) front
(b) back
Figure 5.23: Front (a) and back (b) views of the boost converter power
stage printed circuit board.
hot spot detection method is pursued.
A boost converter was designed that is able to measure PV impedance
during regular MPPT operation. The control and impedance measurement
methods have been proposed and tested in simulation. A triangle wave is
used as the perturbation waveform to calculate the impedance. Two mea-
surements at a low frequency (50 Hz) and a high frequency (50 kHz) are
shown to be sufficient to observe the change in impedance. Simulation re-
sults for this converter design have proven the concept of the converter and
provided a solid design to be implemented as future work. Once the hot spot
detection method is fully working, the next step is to protect the PV string
where the hot spot is occurring against damage, which is discussed in the
next chapter.
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CHAPTER 6
HOT SPOT PREVENTION
Hot spot prevention methods are needed to prevent damage and accelerated
degradation in PV systems. Hot spot prevention can either mitigate hot
spotting to a heat and temperature level low enough that does not cause
accelerated damage or actively protect the PV cells once a hot spot is de-
tected. This chapter discusses hot spot prevention methods that take the
form of cell manufacturing techniques, a panel-level control strategy, and ac-
tive PV string open-circuit. Each of these hot spot prevention methods and
the implementation trade-offs will be discussed.
6.1 PV Cells with a Low Reverse-Breakdown Voltage
The reverse-breakdown voltage magnitude of PV cells are typically not given
significant attention by PV cell manufacturers. Cells with the same for-
ward characteristics can have significantly different reverse characteristics.
As shown in Chapter 3, the reverse breakdown characteristics determine the
amount of power that is dissipated when the cell is reverse biased. Recall
that Type B cells exhibit the highest power dissipation when fully shaded
and that maximum power is proportional to the breakdown voltage. One ap-
proach to limit power dissipated in the cell is to lower the breakdown voltage
magnitude, which also lowers the maximum power dissipation.
However, even PV cells with a reverse-breakdown voltage of -2.5 V can
dissipate enough power to potentially cause hot spot damage. A power level
of two times the nominal maximum power should not be surpassed to ensure
that the cell is safe against hot spot damage. The reverse breakdown would
have to be approximately -0.88 V to maintain operation within the limit. PV
cells with reverse breakdown at -5.5 V, -2.5 V and -0.88 V were modeled and
their I-V curves are shown in Fig. 6.1(a).
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Figure 6.1: Reverse voltage bias characteristics for cells with low
reverse-breakdown characteristics (a) and worst-case load lines (b).
Using the same load-line analysis described in Chapter 3, the worst-case
power dissipation for the three cells is shown in Fig. 6.1(b). In a string of 24
cells with one cell fully shaded and the remaining at 1000 W/m2, the -5.5-V-
breakdown cell would dissipate 46 W, over 13 times the nominal cell power
of 3.5 W. The -2.5-V-breakdown cell would dissipate 22 W, over 6 ties the
nominal cell power. The -0.85-V-breakdown cell would dissipate 7 W, which
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is twice the nominal cell level and is unlikely to cause hot spot damage.
Manufacturing PV cells with low breakdown voltage magnitudes may help
protect against hot-spots, but the reverse-bias breakdown magnitude should
be further reduced to ensure that the cell dissipates a safe level of power.
Manufacturing a PV cell with a reverse breakdown of lower magnitude may
be a challenging fabrication problem and is left as an open question.
6.2 Panel-Level Control Strategy
Although new innovations in power electronics for PV systems focus on con-
trolling operation at the subpanel level using various topologies of dc-dc con-
verters [84, 85, 86, 87, 88, 89, 90], most installations today still use panel or
string-level converters and controllers. A typical PV panel has three strings
and three bypass diodes. As was shown in Chapter 3, a bypassed string is
susceptible to hot spotting at power levels that can cause permanent damage.
Given the choice between bypassing a string with a mismatched cell or not, it
is always better to not bypass the string to mitigate hot spotting. Whether
or not the compromised string is bypassed is determined by the MPPT con-
troller through its choice of operating point. The panel-level MPPT control
is examined to determine if the control algorithm can be adapted to pre-
vent (or reduce) hot spot damage. A detailed simulation is used to examine
PV panel operation and hot spotting power dissipation over a wide range of
potential irradiance cases.
6.2.1 PV Panel Simulation Setup
Individual PV cells with reverse-bias characteristics representative of a typi-
cal Type A cell, typical Type B cell, and -2.5-V-breakdown cell were modeled.
Characteristics for these three cells under 0 W/m2 irradiance are shown in
Fig. 6.2. All three cells have nominal power levels of 3.5 W.
A 72-cell panel with a bypass diode across each 24-cell substring was mod-
eled. This panel model was simulated at various irradiance ranges to emulate
conditions where reverse-bias occurs on a shaded cell. The irradiance on all
three panels was varied independently and the level of shading on one cell is
also varied. For each irradiance case, the string I-V curve is calculated and
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Figure 6.2: Modeled I-V characteristics for a Type A, Type B, and
-2.5-V-breakdown cell.
the string MPP is found. Next, the power through the shaded cell when the
string is at its MPP is determined. The goal is to identify a voltage thresh-
old for the string, above which a shaded cell will not dissipate a significant
amount of power.
6.2.2 String Voltage Threshold
For each cell, the power through the shaded cell is plotted versus the string
MPP voltage, as shown in Fig. 6.3. The MPP voltage is given as a factor of
the nominally-rated MPP voltage of the PV panel. Cell power values that
are positive are shown in blue, values that are less zero but greater than -7
W (magnitude equivalent to 2xMPP) are shown in purple, and values less
than -7 W are shown in red. A vertical line is shown at the red point with
the highest voltage; below this value, a shaded cell is in danger of dissipating
more than the safe power level. This voltage is considered the hot spot
protection threshold and, hereafter, is referred to simply as voltage threshold.
Further, the term threshold factor refers to this value normalized according
to
fth =
Vth
VMPP
(6.1)
where Vth is the threshold voltage and VMPP is the rated string MPP voltage.
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Figure 6.3: Shaded cell power versus string MPP voltage for a panel of
Type A (a), Type B (b), and -2.5-V breakdown (c) cells.
For type A and B cells, shown in Fig. 6.3(a) and Fig. 6.3(b) respectively,
the threshold factor is around 0.77. The -2.5-V-breakdown cell, shown in
Fig. 6.3(c), has a very high threshold factor around 0.96. Note also that the
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maximum power dissipated through the 2.5-V-breakdown cell is less extreme
than for the Type A or B cells. If the operation of the string is limited above
this voltage threshold, the maximum power that can be dissipated through
a mismatched cell will be limited. The control strategy is to simply set the
voltage threshold as the lower voltage limit such that the string is not allowed
to operate below the voltage threshold and will operate at the local MPP
above the voltage threshold.
Because the threshold factor for the -2.5-V-breakdown cell is so high, lim-
iting the voltage above this point is too narrow of an operating range for the
string. For cells with very low breakdown magnitudes, a voltage limitation
on the string voltage may not be the best approach as its normal operation
would be too restricted. Thus, the voltage threshold limit control approach
is only considered for Type A and typical Type B cells.
6.2.3 Temperature Dependence
The PV voltage characteristics are highly dependent on cell temperature.
As temperature increases the voltage characteristics (MPP and open-circuit
voltage) decrease; lowering temperature increases the voltage characteristics.
The controller can be calibrated with the rated MPP and the threshold factor
can be set to prevent hot spot formation. However, that voltage threshold
will no longer be valid for significantly higher or lower temperatures. Thus,
the threshold factor (and resulting voltage threshold) must be adjusted with
temperature.
The simulation was run again to identify the appropriate voltage threshold
as a percentage of the rated MPP voltage at -40◦C, 0◦C, 25◦C, 50◦C, and
85◦C. The threshold factors versus temperature are shown in Fig. 6.4 and a
linear relation is apparent. At lower temperatures the threshold should be
higher, in some cases, even larger than the nominal MPP voltage. At higher
temperatures, the threshold should be lower. For both Type A and typical
Type B, the values are similar enough at each temperature that the same
threshold factor function could be used for both cell types. Thus, a best-fit
line is fit to the larger of the two values; the larger value is the safer value to
prevent hot spotting in both types. The best-fit line for the threshold factor
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fth is
fth(T ) = −0.005T + 0.9 (6.2)
where T is the cell temperature. Once f(T ) is found for a given temperature,
the voltage threshold is determined according to
Vth = fth(T )× VMPP (6.3)
Maintaining the string voltage above this Vth should prevent a mismatched
string from becoming bypassed and causing hot spot damage.
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Figure 6.4: The threshold factor (of the nominal MPP voltage) for Type A
and B cells compared over temperature.
6.2.4 Implementation
In order to implement this string voltage threshold control, the controller
must know the nominal MPP voltage and the approximate temperature of
the cells. The nominal MPP voltage can be programmed into the controller
before it is deployed in the field. Over time, the characteristics may shift
as the cells degrade; however, field studies show that voltage characteristics
do not change as drastically as current characteristics when cells degrade
[11, 12, 91]. The nominal MPP voltage should be an adequate value over the
system lifetime, but testing and recalibration to update this number would
ensure the algorithm maintains long-term effectiveness.
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The temperatures of the cells are not directly measured in typical PV
systems. Converters that are mounted on the PV panel, such as microin-
verter or dc optimizers, typically have an internal temperature sensor, but
its temperature is more accurate for the electronics than the PV cells. If a
temperature measurement is taken at an edge of the converter case, it may
get a better reading of the ambient temperature, which could be taken as an
approximation of the cell temperature. Because the voltage threshold does
not change significantly with temperature, an approximate measurement of
the cell temperature should be sufficient for the control algorithm to work
effectively. Hardware testing is needed to validate this algorithm, which is
left as future work.
6.2.5 Alternative Approach
An alternative approach is to periodically measure open-circuit voltage and
set the voltage threshold based on a proportion of that value. This approach
would not rely on temperature measurements, but would require the sys-
tem to periodically check the open-circuit voltage and lose a small amount
of power. This idea is analogous to fractional open-circuit voltage control
for MPPT. In fact, fractional open-circuit voltage is a control method that
inherently prevents hot spotting.
6.2.6 Panel-Level Control Summary
Based on these simulations, maintaining operation above the threshold fac-
tor should reduce hot spot damage because the control prevents a subpanel
string from being bypassed. The threshold voltage must be updated with
temperature, but an approximate temperature measurement from a sensor
on the PV panel converter should be sufficient. Alternatively, a fractional
open-circuit voltage approach can be implemented without temperature read-
ings. This control method does not require additional hardware and can be
implemented in PV converters through simple controller firmware changes.
The trade-off with this control is that it reduces hot spot susceptibility, but
reduces output in cases where the string MPP is below the threshold volt-
age. The control could be easily enabled or disabled. For example, hot spot
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prevention control would be recommended for sites that are known to have
regular partial shading from surrounding buildings, trees, or other panels,
but could be disabled for sites where partial shading is unlikely.
6.3 Active Hot Spot Protection
Monitoring the PV string during operation and actively protecting the string
when a hot spot condition is detected is another prevention method. Detec-
tion methods were discussed in Chapter 5. For hot spot protection, open-
circuiting the substring that contains the mismatched cell is guaranteed to
prevent hot spotting, because no current or power will flow through any
cell in that substring. This is illustrated in Fig. 6.5, where the mismatched
PV3 cell dissipates heat under short-circuit but dissipates no power under
open-circuit.
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Figure 6.5: Operating points of a partially shaded string under short-circuit
and open-circuit.
When a substring is bypassed, it produces no net output power. Since
the substring contribution is zero in such an event, why not open-circuit
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the string to protect it from hot spotting? This protection method can be
implemented using a set of two switches, as shown in Fig. 6.6(a). Switch
qhs is in series with the PV string and is normally on; it opens when a hot
spot condition is detected to prevent further hot spotting. Switch qbp is in
parallel with the PV substring and is normally open; while the string is open-
circuited, it turns on to allow a bypass current path. For the device to operate
properly, the switches must carry and block current in the proper directions.
Fig. 6.6(b) shows the switches with the correct current flow directions and
blocking characteristics for the protection device [92]. If we want to strictly
follow these switch characteristics, we would implement the protection device
with a bipolar junction transistor (BJT) for qhs and a metal-oxide field effect
transistor (MOSFET) for qbp, as shown in Fig. 6.6(c). However, the BJT can
be directly replaced with a MOSFET such that its blocking characteristics are
the same, as shown in Fig. 6.6(d). Two MOSFETS are used as the switches
for the first prototype because MOSFETs are more readily available and both
switches can be driven from the same driver circuit.
6.3.1 Hardware Prototype
The first hot spot prevention device prototype was implemented as an add-
on board to the Texas Instruments MSP430 Launchpad board. It uses two
MOSFET switches and is powered off of the PV panel. The schematic for
the add-on board is shown in Fig. 6.7(a). The fully-assembled prototype is
shown in Fig. 6.7(b).
Proper gate driving of the two switches is important to ensure correct
operation. In these experiments, a low-side gate driver (MIC 4427) was
used, powered by the overall PV panel voltage. The overall voltage is high
enough to allow a low-side gate driver to drive both switches in lower-voltage
substrings. More generally, the circuit of Fig. 6.6 can employ a low-side gate
driver for qbp but will need a high-side gate driver for qhs. Also, the high-side
driver may have to periodically turn off to recharge the bootstrap capacitor
that turns on the high-side MOSFET. Although this periodic high-side gate
driver reset is not optimal, it should not drastically affect device operation.
The use of depletion-mode FETs or solid-state switches may be an alternative
approach worthy of future exploration.
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Figure 6.6: Protection device in normal operation mode and hot spot
protection and bypass mode showing ideal switches (a), functional switch
symbols (b), implementation with a BJT and a MOSFET (c), and
implementation with MOSFET switches (d).
6.3.2 Experimental Results
The first prototype of the hot spot prevention device was tested in an ex-
perimental setup with a resistive load powered by two 20-cell PV strings,
where one cell is partially shaded on a clear sunny day. First, an active by-
pass switch is used across the shaded string. The illuminated portion of the
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(a) schematic
(b) prototype
Figure 6.7: Hot spot prevention prototype schematic (a) and assembled
prototype (b).
partially-shaded cell raised in temperature, as shown in the infrared image
in Fig. 6.8(a). In the test, the condition was not adjusted for worst case to
avoid driving the cell to failure. The hot spot temperature stabilized after a
few minutes and then the hot spot prevention device was activated. When
prevention was activated, the temperature dropped immediately. After ap-
proximately 20 seconds the hot spot temperature reduced to the temperature
of the surrounding cells, as shown in Fig. 6.8(b). The load current, current
through the partially shaded PV, and voltage over the bypass switch during
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the experiment are shown in Fig. 6.9, where the protection device is activated
at 8 seconds. Current still flows through the load, showing that that hot spot-
ting cell is bypassed and the unshaded PV string is powering the load. The
PV current drops to zero after the protection mode is activated, and the
voltage over the bypass switch becomes negative because the switch begins
to conduct current. The MOSFET had a relatively large on-resistance of
0.54 Ω; future implementation should use switches with a lower on-resistance
to reduce power loss. These experimental results show that localized hot
spotting is possible under bypass and that open-circuiting the PV substring
using the proposed protection device prevents hot spotting.
(a) bypassed
(b) protected from hot spotting
Figure 6.8: Infrared images of PV strings under partial shading with bypass
diode (a) and hot spot protection device (b).
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Figure 6.9: Load current, PV current, and bypass switch voltage before and
after open-circuit protection is activated.
6.3.3 Reliability Concern
How will the addition of qhs impact reliability? Given the circuit topology,
qhs adds a failure mode in which a device-open failure will impact string
output. The impact is limited, however. Even if qhs fails open, eliminating
output from the associated substring, bypass switch qbp is still available to
support continued system operation either as an active switch or through its
passive body diode. This makes an open-circuit failure of qhs similar to a
physical local failure caused by a cell crack or local corrosion. The trade-off
is complete protection against hot spot damage, which is known to reduces
performance and, potentially, lead to structural fires [9].
6.3.4 Arc-Fault Extinguishment
In addition to hot spot prevention, the two-switch device also allows for
arc-fault extinguishment capability without any additional hardware. Arc-
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faults occur when there is a high voltage over a gap or break in the circuit
[5]. Voltage that causes arcing is typically the sum of many PV panels in
series. If an arc fault is detected, the arc can be extinguished by reducing the
voltage. This can be achieved by temporarily shorting the panel or subpanel
PV string to extinguish the fault. The two-switch device can simply close
both switches if an arc-fault needs to be extinguished. An illustration of this
functionality is shown in Fig. 6.10. Once the arc-fault is cleared, the device
can transition to the bypass and hot spot prevention mode and resume normal
operation. If the arc-fault continues to reoccur, a system-level controller can
choose to keep the device in arc-fault extinguishment mode until the system
can be serviced. Although hot spotting can occur in the PV string when the
device is in arc-fault extinguishment mode, preventing a known arc-fault is
the more immediate concern. Overall, the device adds more control to the
PV systems, which allows it to prevent hot spots and extinguish arc-faults
at a subpanel level.
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Figure 6.10: Switch states for the protection device showing the arc-fault
extinguishment mode.
6.4 Conclusion
There are two methods to prevent hot spotting: ensure that the cell can
fully dissipate the worst-case power scenario without damaging the cell or
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open-circuit the PV string. Cells with low reverse breakdown voltages limit
the power dissipated but a lower-magnitude reverse breakdown level may be
required to effective prevent hot spot damage. A panel-level control strat-
egy that limits the string operation above a certain voltage is a hot spot
prevention method that can be implemented for Type A or typical Type B
PV cells without any additional hardware. Alternatively, active hot spot
prevention using open-circuit protection guarantees that hot spotting does
not occur, which was shown experimentally using a prototype protection de-
vice. This device is reliable and adds both hot spot prevention and arc-fault
extinguishment functionality to PV systems at the panel or subpanel level.
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CHAPTER 7
CONCLUSION
Hot spotting is a common problem that occurs in series-strings of PV cells.
It is known to permanently damage PV cells, accelerate degradation, and can
even lead to fires. Hot spotting can occur in the entire cell, a portion of the
cell, or a small localized region (if second breakdown occurs). Bypass diodes
are placed over PV subpanel strings of 12 to 36 cells, but they do not prevent
hot spotting; they merely limit a cell’s maximum power dissipation. To pre-
vent hot spot damage, experimental tests on crystalline Si cells showed that
reverse bias at a power level higher than two times the nominal MPP may
lead to permanent damage. Thus, two times the MPP is considered a safe
reverse power level to prevent hot spot damage. In-depth load-line analysis
and electro-thermal model simulations have shown that bypass diodes and
active bypass switches are inadequate to protect PV cells from hot spotting.
The goal of this dissertation was to answer the question: “Is there a bet-
ter method of hot spot prevention than the existing bypass diode?” The
answer is that there are better hot spot prevention methods and each one
has certain trade-offs. Cells can be fabricated with low reverse breakdown
voltages that limit the power dissipated in an individual cell. Presently, cells
have been fabricated with a breakdown voltage of -2.5 V, but cells with a
lower-magnitude breakdown are likely needed to ensure hot spot damage is
prevented. Conversely, for Type A and typical Type B cells, a panel-level con-
trol strategy can be used on PV panels with bypass diodes that reduces hot
spotting. A lower voltage limit is enforced that prevents a mismatched string
from becoming bypassed and dissipating a significant amount of power. Al-
though mismatched cells can still become reverse biased and form hot spots,
this strategy can be implemented without any additional hardware and can
reduce hot spot damage in present-day systems.
Complete hot spot prevention is realized through a combination of active
hot spot detection and open-circuit hot spot prevention. A detailed PV model
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was developed that includes the non-linear parallel capacitance and reverse-
bias characteristics. The ac small-signal version of this model shows how
the parallel capacitance and parallel resistance of a cell change at various
operating points. Monitoring these characteristics in a PV string can be
used to identify a hot spotting cell within the PV string. For common string
lengths, the parallel capacitance and resistance values tend to increase when
hot spotting occurs. This concept is used to develop detection methods based
on parameter estimations and impedance measurements. The impedance-
measurement-based hot spot detection method showed more promise for a
low-cost solution and was pursued. A first prototype for a boost converter
incorporating hot spot detection for a PV subpanel string has been designed.
Once a hot spot condition is detected, the subpanel string with the hot
spot can be open-circuited to prevent further hot spotting and damage. This
can be achieved using a protection device with two switches that replaces
the bypass diode. One switch on the protection device is for bypass and
functions similarly to an active bypass switch. The second switch is the hot
spot prevention switch that open-circuits the PV string. In the event of an
arc-fault, both switches can also be closed to extinguish the arc-fault. A
prototype was developed and experimentally tested. Results show that the
hot spot prevention device stops a cell from hot spotting and allows current
to bypass the string, which validates its proper functionality.
Further development is needed to fully validate the hot spot detection
method. Also, the hot spot prevention device should be further developed to
fit in a smaller package such that it can be easily integrated into a PV panel
or junction box. This work has contributed to a better understanding of hot
spotting in PV panels and how to best combat the problem using a solution
that can be integrated into present-day PV systems. The utilization of PV
hot spot prevention methods will reduce PV system degradation, increase
longevity, and improve lifetime energy harvest.
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